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Abstract
An ultralight aircraft based airborne geophysical system was developed and 
operated by the Council for Geoscience during the period 1997-2004. The aim of 
this project was to collect geophysical data at lower cost and higher resolution 
than was possible using conventional airborne systems. This dissertation describes 
the development of the radiometric systems used in the ultralight airborne survey 
project. During the course of the study, a number of obstacles to the successful 
collection and processing of radiometric data with the ultralight-mounted systems 
were encountered. These are described and solutions proposed.
To facilitate the development hardware systems and processing methods, a Monte 
Carlo simulation method was developed to produce spectra containing realistic 
signal and noise components. This method was applied to the selection of detector 
materials and the specification of detector sizes as well as being used to simulate 
large spectral data sets for the development and testing of processing and 
calibration procedures.
Radiometric data follow a Poisson Distribution, with the signal to noise ratio 
being dependent on the count rate recorded, which, in turn, depends on the size of 
the detector used. The ultralight aircraft were capable of carrying a detector one 
eighth the size of that used in conventional systems. To allow for the use of the 
smaller detector, the noise adjusted singular value decomposition (NASVD) 
processing technique was employed. While this technique is commonly applied in 
noise-reduction, the original application, namely the determination and mapping 
of spectral components was also utilised.
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During the course of the study no suitable calibration facilities were available 
inside South Africa. This necessitated the development of a spectral stripping 
method, utilising a technique generally applied to much higher resolution spectral 
data collected under laboratory conditions. Simulation studies and practical 
application showed that this method performs well, in some cases outperforming 
the conventional stripping method. The method is also applicable to the study of 
anthropogenic radionuclides, where suitable calibration facilities are generally 
unavailable. An alternative to the conventional method of altitude correction was 
also applied to the radiometric data collected with the ultralight-mounted systems.
Using simulated data, a spectrometer based on a bismuth germanate (BGO) 
detector was designed and constructed. This material is significantly denser than 
the more usual thallium activated sodium iodide used for detector fabrication and 
has a higher effective atomic number, giving it a greater photopeak efficiency. 
However the poor light production of this scintillation material results in a poorer 
energy resolution than a conventional detector. Initial tests using small BGO 
detectors were promising and a larger detector was acquired and tested. 
Unfortunately the poor energy resolution and high cost of BGO detectors led to 
the conclusion that they did not offer the advantages initially hoped for. 
Nevertheless a number of successful surveys were flown using the BGO detector.
Ultralight-mounted systems were found to be ideal for small surveys where high 
spatial resolution is required. The ultralight systems were successfully applied to 
the detection of radioactive pollution on a number of sites in the Witwatersrand 
and related gold fields and one site where anthropogenic radionuclide 
contamination was present. In some cases, the data could be compared to data 
collected using a conventional airborne radiometric system. Here the ultralight-
mounted systems were found to perform satisfactorily, albeit with a poorer signal 
to noise ratio except where adverse flying conditions necessitated flying at high 
altitude.
The strengths, weaknesses and potential applications of ultralight-mounted 
airborne radiometric systems are discussed.
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1Chapter 1 Introduction
1.1 Project aims 
The project to develop an ultralight aircraft mounted gamma ray spectrometer 
system grew out of the desire to fill a perceived gap between the typically small 
scale ground geophysical surveys and larger scale airborne surveys. Ground 
geophysical methods are able to provide data with very high spatial resolution, but 
the effort and consequent cost of data acquisition often precludes the detailed 
coverage of large areas of ground. In rugged or difficult terrain it is often 
impossible to access all areas of a site on the ground, preventing the complete 
coverage of an area. In the case of radiometric data collection, the positioning of 
the detector on or close to the ground (typical surveys are conducted with the 
detector placed directly on the ground or elevated 1-1.5m above the ground 
surface), samples only a small volume of the near surface material. Airborne 
surveys, on the other hand, provide rapid coverage of large areas of ground. 
Although the high speeds flown in most conventional airborne geophysical 
surveys limit the spatial resolution of data collected, the fact that the detector is 
located at an altitude of typically 60-100m above the surface allows the full 
coverage of the near-surface environment. Unfortunately the costs involved in the 
mobilisation and operation of a large airborne system often preclude its use in 
surveys of small areas. This project therefore arose as part of a search for an 
intermediate solution, offering some of the practical advantages of airborne 
geophysics, within the smaller scale survey realm usually covered by ground-
based surveying, if possible avoiding the costs involved in the mobilisation and 
operation of a large aircraft and the necessary survey crew.
2Various platforms were investigated for this intermediate geophysical system. 
Owing to a variety of practical considerations, it was determined that the optimal 
survey platform for this scale of survey was an ultralight aircraft.
The aim of this project is therefore the development and testing of a hardware 
system and processing algorithms to enable the collection of interpretable 
radiometric data using ultralight aircraft as a survey platform.
1.2 Radiometric geophysical methods 
1.2.1 Gamma ray surveying
Radiometric methods are those geophysical methods which rely on the 
measurement of radioactivity emitted by earth materials. Due to practical 
constraints to the detection of alpha () and beta () radiation, most surface and 
airborne geophysical work is limited to the detection of gamma () radiation, 
owing to its greater penetration through earth materials and the earth’s 
atmosphere. In naturally occurring materials, almost all the radiation emitted 
comes from the decay of potassium-40 (40K) and the decay series of uranium-238 
(238U) and thorium-232 (232Th) (See Section 2.2.2).
The primary aim of gamma ray surveying is the mapping of the occurrence and 
concentrations of potassium (K), uranium (U) and thorium (Th), and occasionally 
the location, mapping and quantification of anthropogenic radionuclides. 
Naturally occurring potassium has a gamma-emitting component, potassium-40
(40K), while uranium and thorium are not themselves gamma-emitters, but have 
decay series which include the gamma emitters bismuth-214 (214Bi) in the 
uranium series and thallium-208 (208Tl) and actinium-228 (228Ac) in the thorium 
series at significant activities that allow for their remote detection.
The commonly performed calculation of uranium and thorium concentrations 
from the gamma ray activities of these radionuclides assumes secular equilibrium 
between the parent radioelement and its radiogenic progeny (See Section 2.2.2). 
3While this may be valid for relatively undisturbed hard rock, it is often not the 
case in studies of weathered materials or environmental contamination. The 
convention in geophysics of expressing 214Bi and 208Tl activities as concentrations 
of “equivalent uranium” and “equivalent thorium” respectively (generally 
expressed in parts per million of eU3O8 and eThO2) is nevertheless still commonly 
used by geophysicists.
Furthermore, a number of anthropogenic gamma-emitting nuclides exist in the 
wastes produced by the nuclear industry and fallout from weapons testing. These 
may also be detected and mapped using airborne gamma ray detectors. Since each 
gamma emitter emits gamma rays at a specific energy, spectrometric 
measurements allow not only the detection, mapping and quantification of gamma 
radiation, but also quantification of the individual gamma emitters.
The major application of the radiometric method has been in uranium exploration, 
however the downturn in the uranium market since the late 1980s limited the use 
and development of the method. Recently, there has been renewed interest in 
radiometric surveying for geological mapping and environmental purposes, as 
well as for uranium exploration.
1.2.2 Instrumentation
In airborne surveying, large gamma ray detectors or packs of detectors are 
mounted in an aircraft, which is then used to survey large areas of ground from 
relatively low altitudes. Typically, the radiometric instruments will be mounted 
along with other geophysical systems such as magnetometers and in some cases 
electromagnetic systems. Data are collected as a stream of spectra, collected 
during survey flights, generally with a counting time of one second per spectrum. 
These data are then compiled and processed to produce images and maps of the 
potassium concentration, based on direct measurement of gamma emissions from 
40K, the equivalent uranium concentration (eU3O8), based on direct measurement 
of gamma emissions from 214Bi and expressed as a uranium concentration, 
assuming secular equilibrium between 238U and its daughter radionuclides and the 
4equivalent thorium concentration (eThO2), based on direct measurement of the 
activity of 208Tl and again the assumption of secular equilibrium between the 
parent 232Th and its daughter radionuclides.
Unlike many other geophysical methods, airborne gamma ray surveying does not 
reveal buried geological features. The penetration of gamma rays with energies in 
the natural spectrum through normal earth materials is limited to a few tens of 
centimetres. The results of an airborne radiometric survey therefore represent the 
distribution of gamma emitting radionuclides in the surface and near surface 
environment.
1.2.3 History
Over the past half century, airborne radiometric surveys have been flown to 
measure the gamma-radiation emitted by the earth's surface with aircraft mounted 
detectors. These surveys have been applied to the exploration for radioactive 
minerals (particularly for uranium), geological mapping, the search for the 
potassium haloes which often accompany hydrothermal mineralisation and 
environmental mapping.
The airborne radiometric survey method is currently undergoing a revival. Until 
the mid 1980s, the technique was used primarily for uranium exploration, with 
growth in the market for uranium. The subsequent decrease in demand for 
uranium has led to a decrease in interest in radiometric surveying. Gamma ray 
spectrometers have however remained part of standard airborne geophysical 
systems, and gamma ray data have generally been collected together with 
magnetic and in some cases electromagnetic data. Recently, interest has again 
begun to grow in radiometric surveying, and a number of new analytical 
techniques have been developed to take advantage of advances in instrumentation 
and computer technology. With the recent increases in the uranium price on world 
markets, new interest has awakened in radiometric surveying for the purpose of 
uranium exploration.
5Chapter 2 Review
2.1 Radioactivity 
2.1.1 The formation, transport and detection of gamma rays
Gamma-rays are high energy photons, usually liberated from excited nuclei 
produced as a product of  decay. The mechanism of the production of gamma 
rays is as follows: an unstable nucleus decays by emitting a beta particle. The 
products of the decay are the beta particle and the daughter nucleus. This nucleus 
is often in an excited state, and emits excess energy in the form of gamma-
radiation. The half-life of the excited state of the daughter nucleus is short (of the 
order of nanoseconds). 
The interaction of gamma rays with matter 
When gamma rays pass through matter, they may interact with the atomic nuclei 
in that matter. These interactions can be broadly divided into two classes, elastic 
and inelastic. In the elastic interactions, the gamma quantum does not transfer its 
energy to the particles, while in the inelastic interactions, all or part of the energy 
of the gamma quantum is transferred and the quantum is deflected from its initial 
path. For gamma rays in the natural spectrum, (with energies of a few tens of keV 
to a few MeV) the important inelastic interaction mechanisms are the nuclear 
photoelectric effect, pair production, the photoelectric effect and Compton 
scattering. All of these processes have a statistical nature and can therefore be 
described in terms of their mean capture cross section. The mean interaction cross 
section can is defined as follows:
6"If there is only one particle per unit area and out of n quanta passing through this 
area, only one, on the average, interacts with the particle by the given mechanism, 
the mean interaction cross section for this mechanism is
2
1
n
 
(1)
(i.e. the particle acts as a target with an area )" (Kogan et al. 1971)
A detailed review of these processes is given by Kogan et al. (1971). The 
processes relevant to the gamma ray spectrometry of naturally occurring 
radioactive materials (NORM) and common anthropogenic radionuclides in the 
environment is summarised as follows:
Elastic or Thomson scattering occurs where a gamma quantum interacts with a 
bound electron, with an energy insufficient to break the bond between the electron 
and the atom. Under the action of the incident gamma quantum, the electron is 
forced to oscillate, emitting secondary radiation at its resonant frequency. The 
cross section for Thompson scattering depends only on the binding energy of the
electron in the atom, and is given, per electron, by
2
3
8
eT r
 
(2)
Where 13108.2 er cm, which is the classical electron radius. Thomson 
scattering occurs only with extremely low energy gamma radiation, and the 
interaction cross section is much smaller than that for other processes. It is 
therefore not regarded as an important process in the gamma ray spectrometry of
the natural environment.
The Nuclear photoelectric effect occurs when a gamma quantum interacts with 
one of the nucleons in a nucleus, transferring all of its energy to that nucleon. The 
nuclear photoelectric effect can only occur if the energy of the incoming photon is 
7greater than that of the nucleon in the nucleus. A nuclear reaction of the type (n), 
with the emission of a neutron, or (,p), with the emission of a proton, occurs, 
with the former being about two orders of magnitude more probable. In naturally 
occurring decays, this interaction is known only for the photodisintegration of 
deuterium under the influence of the 2.62MeV gamma rays emitted by 208Tl: 
( pnH21 E ) and the reaction of the 1.76MeV gamma rays from 
214Bi with
beryllium: ( nBeBe 84
9
4 E ). Owing to the low abundances of deuterium and 
9Be in nature, and the negligible cross sections for these interactions (~10-24cm2), 
these interaction mechanisms can be disregarded.
The photoelectric effect affects bound electrons, when a gamma quantum 
transfers all its energy to a bound electron. If the gamma quantum has an energy 
greater than the binding energy of the electron then the electron is ejected from 
the atom with energy ie EEE   , where iE is the binding energy of the i-th 
electron shell. The atom becomes excited and when the i-th level is filled, a 
photon of light, with energy iE is emitted. The cross-section of the photoelectric 
effect increases as E approaches iE and undergoes jumps at KE , LE etc., i.e. the 
binding energies of the K, L etc. atomic shells. This leads to selective gamma ray
absorption. Outside this region, the cross section of the photoelectric effect is 
given by
me
ph ZEf )(   (3)
where )( Ef is a function of gamma energy and Z is the atomic number of the 
absorbing medium. m is a constant with a value given by various authors at 
between 3.0 and 5. This is the principal absorption mechanism for low energy
quanta in heavy elements and is the mechanism by which scintillation detectors 
operate.
8Pair production comprises the production of electron-positron pairs and may 
occur for photons with an energy 202 cmE  , where 0m is the rest mass of an 
electron (0.511MeV). This interaction can only take place in the presence of other 
particles. The excess energy of the photon is shared approximately equally 
between the electron and the positron. The cross section for pair production for
gamma photons with energies from 2-5MeV in interaction with atoms of 
intermediate atomic number is, per electron approximately proportional to
 EZ
e
p ln~ (4)
This process is significant for high-energy gamma radiation, partcularly in nuclei
with high Z.
Compton scattering is the principal interaction of gamma rays of energy 0.1-
3MeV with media with intermediate atomic numbers. In a Compton scattering
interaction, part of the energy of a gamma ray photon is transferred to an electron, 
and the direction of motion of the photon is changed. The angle of deflection, , is 
connected to the energies of the photon before and after scattering by the relation
)cos1(1
'


 
E
E (5)
where  is the energy of the incoming gamma ray photon divided by the rest 
energy of an electron (0.511MeV). 
The total interaction cross section for the Compton effect is quoted by Kogan et 
al. (1971) as
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Note that the cross section of the Compton interaction per electron does not 
depend on the atomic number of the medium. Compton interactions can also 
occur between photons and other charged particles e.g. protons or atomic nuclei. 
The mean cross sections for these interactions are 103-104 times smaller than those 
with electrons.
2.2 The distribution and characteristics of radioactive 
materials in the geosphere 
2.2.1 Distribution of radioelements
In the earth's crust, only three radioactive components exist in significant 
quantities to emit radiation at sufficient intensity to be detectable using airborne 
detectors. Also, given the short path lengths of alpha and beta particles, gamma-
radiation is the only form of common terrestrial radiation suitable for remote 
detection from airborne platforms. The natural materials which emit significant 
gamma-radiation are potassium, with gamma rays emitted as part of the beta 
decay of 40K, uranium (with three naturally occurring radioactive isotopes, 234U, 
235U and 238U) and thorium (with one naturally occurring radioactive isotope, 
232Th), with gamma rays emitted in the beta decay of certain of their radioactive 
progeny. The naturally occurring radioactive isotopes of potassium, uranium and 
thorium are listed on Table 2.1.
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Figure 2.1. The decay of 238U to stable 206Pb (International Atomic Energy Agency 2003a).
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Figure 2.2. The decay of 235U to stable 207Pb (International Atomic Energy Agency 2003a).
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Figure 2.3. The decay of 232Th to stable 208Pb (International Atomic Energy Agency 2003a).
13
Table 2.1. Abundances, half-lives and decay constants of the naturally occurring radioactive 
isotopes of potassium, uranium and thorium (Faure 1986).
Isotope Abundance (%) Half Life (y) Decay Constant (y-1)
40K 0.01167 1.25*109 5.543*10-10
232Th 100.00 14.010*109 4.9475*10-11
234U 0.0057 2.47*105 2.806*10-6
235U 0.7200 0.7038*109 9.8485*10-10
238U 99.2743 4.468*109 1.55125*10-10
The decay series of the two naturally ocurring uranium isotopes – 235U and 238U –
and 232Th are shown on Figures 2.1 to 2.3.
The average concentrations of the three parent elements in various common rock 
types are presented in Table 2.2.
Table 2.2. Average radioelement concentrations of common rock types (Turekian and 
Wedepohl 1961)
Rock Type K2O (%) U3O8 (p.p.m.) ThO2 (p.p.m.)
Ultrabasic 0.005 0.001 0.005
Basaltic 1.0 1.2 4.6
Hi-Ca Granitic 3.0 3.5 9.7
Lo-Ca Granitic 5.1 3.5 19.3
Igneous Rocks
Syenites 5.8 3.5 14.8
Shales 3.2 4.4 13.7
Sandstones 1.3 0.5 1.9Sedimentary Rocks
Carbonates 0.3 2.6 1.9
Deep-sea Carbonate 0.3 0.1 1.1
Deep-sea Sediments
Deep-sea Clay 3.0 1.5 8.0
Sedimentary rocks have radioelement concentrations which result from the 
provenance of these rocks and the transport, sedimentation and diagenesis by 
which they were formed. Significant variation can therefore be expected where 
radioactive source rocks are eroded and the detrital material deposited to form 
new sedimentary rocks. For example, the quartzitic conglomerate ores of the 
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Witwatersrand Supergroup typically contain uranium concentrations of 30-
200mg/kg, with localised concentrations greater than 50,000mg/kg (Coetzee et al. 
2006), orders of magnitude greater than the world mean for such sediments.
Similarly, metamorphic rocks' radioelement contents depend on their precursors 
and the metamorphic processes which formed them. A specific example of such a 
metamorphic processes is the potassic alteration, which forms potassium-rich 
alteration haloes surrounding some hydrothermally altered rocks and the regional 
radioactive overprints seen in a number of southern African mobile belts, where 
airborne survey data have identified radioactive anomalies which appear to 
depend on metamorphic grade (Andreoli et al. 2006). In addition, minerals rich in 
radioelements occur in many ore deposits, giving rise to characteristic signatures 
for such deposits.
2.2.2 Secular equilibrium
If undisturbed over long (much longer than the half-life of the intermediate 
progeny) periods of time, secular equilibrium may develop within the decay 
series. This is a state where the decay of the parent in the decay series is matched 
by the decay of each of the intermediate progeny and the production of the stable
daughter isotope. In this case, the abundances of each isotope and the decay 
constants are related such that: 
nnNNNN   332211 (7)
Where:
i is the decay constant of daughter radionuclide i and
iN is the abundance (number of nuclei) of daughter radionuclide i. 
In such a case, the activity of any of the intermediate progeny will equal the 
activity of the parent, allowing the calculation of the concentration of the parent 
nuclide from the activity of any of the intermediate progeny. This forms the basis 
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for many radiometric surveys, where measurements of the activities of 214Bi and
208Tl by gamma ray spectrometry are used to estimate the concentrations of 
uranium and thorium respectively. Of course, in the near-surface environment 
studied in airborne surveys, geochemical processes may selectively remove or 
concentrate the intermediate progeny, preventing the development of secular 
equilibrium. 
2.2.3 Gamma ray energies
The beta decays of the parent 40K to 40Ca and the decays of certain of the 
daughters of 238U and 232Th are the only producers of gamma emitters in the 
natural environment which produce sufficient gamma radiation to be detected by 
airborne detectors. Figure 2.4 shows the gamma emissions from the decay of 40K 
and the multiple emissions from the daughters of the uranium and thorium 
isotopes. The natural gamma-ray spectrum is composed of a combination of these 
emission patterns and effects due to the interactions of these gamma-rays with the 
environment.
From these data it can be seen that the natural gamma ray spectrum will be 
dominated by the radioactivity of 40K and the decay series of 238U and 232Th, 
specifically 214Bi in the 238U-series and 228Ac, 212Pb and 208Tl in the 232Th -series. 
Owing to the low abundance of 235U in nature, the gamma radiation emitted by its 
progeny are not significant compared with the 238U and 232Th series and 40K. 
Scintillation detectors, such as those used in airborne applications are typically not 
optimal for the detection of gamma energies below a few hundred keV, due to the 
presence of a large continuum of scattered gamma rays and brehmstrahlung, 
further limiting the scope of what can be detected from an airborne instrument. In 
practice, the quantification of the sources of gamma radiation is limited to the 
direct measurement of potassium, using the gamma rays emitted by 40K 
(1.460MeV) and the indirect quantification of uranium and thorium, using the 
gamma rays emitted by 214Bi (1.764MeV and sometimes 0.609MeV) and 208Tl
(2.614MeV) respectively.
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Figure 2.4. Gamma ray emission line spectra of: a) potassium; b) uranium; c) thorium
(International Atomic Energy Agency 2003a)
17
2.3 Radioactive material in the environment 
2.3.1 Naturally occurring radioactive materials
Radioactive material exists within the environment in a number of forms. It 
should be remembered that all naturally occurring materials contain trace 
quantities of naturally occurring radionuclides and are therefore radioactive (See
Table 2.2). These radionuclides are referred to as naturally occurring radioactive 
materials or NORM, defined by the International Atomic Energy Agency (2003c)
as:
“material containing no significant amounts of radionuclides other than 
naturally occurring radionuclides. The exact definition of ‘significant 
amounts’ would be a regulatory decision. Materials in which the 
activity concentrations of the naturally occurring radionuclides have 
been changed by human made processes are included. These are 
sometimes referred to as technically enhanced NORM or TENORM.”
with naturally occurring radionuclides defined as:
Radionuclides that occur naturally in significant quantities on earth. 
The term is usually used to refer to the primordial radionuclides
potassium-40, uranium-235, uranium-238 and thorium-232 (the decay
product of primordial uranium-236), their radioactive decay products, 
and tritium and carbon-14 generated by natural activation processes.
By and large, the health impact of naturally occurring radioactivity is low (de 
Beer et al. 2000; U.S. Geological Survey 1994), however there are areas in the 
world which are associated with natural radioactivity levels orders of magnitude 
higher than normal background levels. In South Africa, for example, the 
Namaqualand Mobile Belt has been identified as such an area of high natural 
radioactivity (Andreoli et al. 2006), with negative health impacts reported by 
Toens et al. (1999). Human activities may also lead to local concentrations of 
radioactive materials. Mining of radioactive minerals, or of ores with a radioactive 
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component may result in significant environmental contamination. This is 
discussed in more detail in Chapter 7, with reference to the Witwatersrand 
Goldfields, South Africa’s most significant uranium producing area.
2.3.2 Contamination of the environment with anthropogenic 
radionuclides
Anthropogenic radionuclides may also be detected by airborne surveys. These 
nuclides are the products of fission reactions in nuclear reactors, nuclear weapons 
tests or other activities under the ambit of the nuclear industry. Chapter 8
describes an ultralight radiometric survey of a site contaminated with 
anthropogenic radionuclides.
2.3.3 Sources, pathways, sinks and receptors
An approach taken in many studies of environmental contamination is to look at 
sources of contamination, pathways between the sources and sinks or receptors 
and possible environmental sinks and receptors. Wade et al (2002) and Coetzee et 
al. (2006) have followed this approach in studying radioactive contamination of 
river sediments in the Far West Rand Goldfield, both studies using airborne 
radiometric survey data as a basis for the identification of contaminated sites. The 
application of airborne surveys is limited to those sites where contamination is 
present on the surface and contains gamma emitting radionuclides.
In the case of NORM, it is to be expected that significant secular disequilibrium 
will be encountered. The mobilities of different radioelements vary widely in the 
surface environment and therefore different parts of the uranium and thorium 
decay series will be mobilized and deposited under different conditions. This has 
been observed in a number of studies (Coetzee and Szczesniak 1993; Department 
of Water Affairs and Forestry 1999; Wade et al. 2002).
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2.4 Airborne radiometric surveying 
2.4.1 Historical development
Cook (1952) describes early surveys, which were flown from about 1943, simply 
to locate uranium anomalies in exploration. He goes on to provide the first 
detailed mathematical treatment of airborne radiometric surveying, notes the 
requirement that the altitude correction take cognizance of the source-detector 
geometry and provides simple approximations of the shielding effects of various 
geological scenarios. These early surveys were flown with Geiger Muller 
detectors, and no spectral information was collected.
Since the early 1960s (Moxham 1960), NaI(Tl) detectors have been used almost 
exclusively for airborne surveying. Mero   (1960) proposed the use of 
spectrometers for radionuclide analysis of geological material, both in boreholes 
and the laboratory. Duval et al. (1972) investigated solid organic scintillation 
detectors in an attempt to get a larger surface area exposed to the incoming 
gamma ray flux. Recently, new materials have been successfully applied in field 
examples. Stettler et al. (1997) and Coetzee et al. (1998) have performed 
experiments using a small (0.29l) BGO (bismuth germanate – Bi4Ge3O12) 
detector, taking advantage of the high photoelectric cross-section for gamma rays 
in the natural energy range of this material. Schweitzer (1998) describes the use of 
a number of detector materials used in borehole logging applications as well as 
the experimental use of a germanium semiconductor detector in the German deep 
drilling project and speculates about the future use of high-temperature 
semiconductor detectors such as cadmium zinc telluride to provide a higher 
energy resolution than that obtainable with scintillators. At present however these 
materials are prohibitively expensive for use in geophysics and it is not yet 
possible to fabricate large enough quantities of the materials to produce practical 
airborne instruments.
During the 1960s and early 1970s, four-channel spectrometers replaced 
scintillometers in airborne surveys. Basic survey methodology and processing for 
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four-channel surveys (K,U, Th and Total Count), as described by the IAEA 
(1991) was well established by the 1970s (Grasty 1975; Pitkin and Duval 1980).
The design parameters for radiometric surveys published by Pitkin and Duval 
(1980) and the subsequent discussion (Gay 1981; Kellogg 1982) outlined the 
basic methodology for planning and executing airborne radiometric surveys. 
2.4.2 Multichannel spectrometric measurement
Since 1980 significant developments in instrumentation and computer technology 
have allowed the measurement, recording and numerical processing of 
multichannel spectral data sets, typically using 256-channel spectrometers. These 
modern developments in the use of multichannel data are discussed in more detail 
in the following paragraphs.
With the advent of modern multichannel instruments and the availability of high-
speed computers, a number of workers began to look at the possibility of using 
multi-channel spectra to produce better results. Until the early 1980s , all that 
multichannel data had been used for was to allow correction of the four 
conventional windows for energy drift. 
A general expression for the determination of the ground concentrations of K, U 
and Th from n measured k-channel spectra is given by:
 TCSX (8)
where X is an nxk matrix of observations and S is an nxm matrix of spectral 
shapes.  is an nxk matrix of disturbances due to the stochastic nature of radiation 
detection. This relationship remains valid for any number of channels. In the early 
methods described above, equation 8 was used with three channels, while modern 
instrumentation allows its solution using hundreds of channels. In general, the 
inverse of this equation is used, to find C, the concentration matrix.
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Unfortunately, the simple solution to equation 8, where the spectral shapes are 
directly determined from calibration pads is rarely adequate, and a degree of non-
linearity exists. This stems largely from the interaction between the gamma rays 
emitted by the ground and the intervening matter (soil, air, aircraft body, detector 
housing etc.). A number of methods have been suggested which make use of 
multichannel data.
Linear Inversion 
Crossley and Reid (1982) looked at methods of inverting the entire gamma ray 
spectrum to improve the signal to noise ratio of the element abundance data. Their 
method looked at the linear inversion of spectral data, as well as a number of other 
factors. With the limited power of the computers available at the time, Crossley 
and Reid's approach involved a selection of those channels with the most 
importance to the inversion process and used a number of peaks previously 
excluded from these calculations (the 0.94MeV 228Ac peak in the thorium decay 
series and the 1.12MeV 214Bi peak in the uranium series). In addition, this work 
suggested the use of a constrained inversion and looked at the information density 
matrix, looking at the degree of independence of the data. More recently, the 
Spectra-Plus method (Minty 1998) has been introduced, which uses the results of 
Monte Carlo simulations as the basis for inversion of spectra.
Principal Component Methods 
Dickson et al. (1981) looked at the behaviour of the shape of the potassium, 
uranium and thorium spectra with changing altitude by placing plywood sheets 
between calibration pads and a detector to simulate the effects of an air layer at 
altitude, and using principal component analysis (PCA) to determine spectral 
components resulting from different altitudes. The essence of this technique 
involves breaking the measured spectra up into a number of spectral components 
and seeing how the proportion between these components varies with altitude. 
This study showed that the spectra of each of K, U and Th can be explained using 
two components, one an average spectrum for the different altitudes of 
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measurement and the other which explains the change in spectral shape, with 
changing survey altitude. Dickson also noted that variations in source-detector 
geometry, vegetation, soil cover etc. will also play and important role in 
determining the spectral shape.
Grasty et al. (1985) further developed the ideas described above, adding a 
quantification of the effect of energy drift, and again looking at a number of 
windows in addition to the conventional three window method (International 
Atomic Energy Agency 1991). This study again illustrated the fact that 
multichannel methods produce better signal to noise ratios than the conventional 
methods. This study also introduced a formalism for the determination of the 
goodness of fit () between the observed and calculated spectra. This is given by
 
k
ScxVScx TTT )ˆˆ(ˆˆ 12 


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where xˆ and cˆ are individual spectra and concentration vectors from X and C in 
equation 8, V is the covariance matrix of x . 
More recently, multichannel processing methods have been applied for noise 
reduction, before the application of the conventional three window method. The 
minimum noise fraction (MNF), or noise adjusted principal component transform 
has been proposed by Green et al. (1988), originally for use with multispectral 
satellite remote sensing data and more recently applied to gamma ray spectra 
(Minty et al. 1998; Minty 1998) which orders the principal spectral components in 
order of decreasing signal to noise ratio. This allows a rigorous separation of the 
signal and the noise in survey data.
Hovgaard (1997) proposes the use of a technique referred to as Noise Adjusted 
Singular Value Decomposition (NASVD) to improve the quality of airborne 
gamma ray spectrometric data. In essence, Hovgaard notes the similarity between 
the matrix definition of a set of gamma ray spectra determined from known 
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ground concentrations, given by equation 8 and the definition of the singular 
value decomposition (SVD) of a matrix, written as
TVUX  10
Here, the concentration matrix C is replaced by U and the unit spectra S with V. 
These two parts of the SVD are often referred to as the data matrix U and the 
model matrix V. Their physical analogue is therefore the data space of 
concentrations in matrix C and the model (unit spectra) in matrix S. The NASVD 
technique uses the SVD of the measured data matrix X, with a suitable scaling, to 
reconstruct a maximum likelihood estimate of the underlying spectra. This 
method has been used both to identify anthropogenic nuclides (Hovgaard 1997), 
which produce anomalous spectral components in TV and to reduce the signal to 
noise ratio in geophysical data (Hovgaard and Grasty 1997; Minty et al. 1998). 
The NASVD method, if used only for noise reduction, does not however exploit 
all of the power of the singular value decomposition. In addition to decomposing 
the matrix of observed data into model and data spaces, the SVD of the observed 
data can also be used to compute the resolution and information density matrices, 
providing additional information about the data (Dimri 1992). (Minty et al. 1998)
provide a good summary of these techniques, and propose methods in which they 
could be combined.
These three statistical methods differ insofar as the PCA methods assume that the 
noise is uncorrelated and of equal variance in all channels, the NASVD method 
assumes that the noise is uncorrelated but has different variance in each channel, 
while the MNF method allows correlated noise with unequal variance (Green 
1998). Green (1998) distinguishes between the principal component and inverse 
methods in that the inverse methods work from a known model, while the 
statistical methods extract the model space from the data. Hovgaard (1997)
however points out that the spectral components extracted by NASVD do have 
physical significance.
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Dickson and Taylor (1998) have compared the NASVD method and a number of 
variants on the MNF method, using both laboratory measurements and airborne 
data. This paper also provides a number of empirical means to determine the 
signal to noise ratio within a set of data. The MNF method is however proprietary 
to the Australian CSIRO, and has not been applied in this study.
Extraction of additional parameters from airborne gamma ray spectra 
In airborne radiometric surveys, a number of parameters need to be estimated in 
addition to the radioelement concentrations of the ground. Some, such as aircraft 
background, cosmic radiation and so on may be directly measured in calibration 
flights, while others, particularly the atmospheric radon background and the 
altitude correction pose greater problems. Traditionally, the radon background has 
been estimated by flying over a large lake or the sea and monitoring the 
atmospheric contribution to the measured radiation using an upward-looking 
detector (Dimitreyev et al. 1972). The altitude correction has been determined 
empirically by flying over a calibration range at different altitudes (International 
Atomic Energy Agency 1991). Obviously, these methods are not necessarily 
applicable to ultralight surveying in southern Africa, where the weight of an 
upward-looking detector is too large to allow it to be carried, and many areas are 
hundreds of kilometres from any large bodies of water. Several workers have 
looked at the extraction of additional information, particularly the radon and 
altitude corrections from spectral data.
Minty (1992) developed a method for estimating the atmospheric radon 
background, using the ratio between the two peaks due to 214Bi at 0.609MeV and 
1.76MeV. The attenuation of the 0.609MeV peak is greater for gamma rays from 
the ground than it is for gamma rays emanating from the atmosphere. This 
relationship allows the estimation of a radon component which can be removed 
from the spectrum. This technique may be hampered in large areas of the northern 
hemisphere, which are contaminated by fallout from nuclear tests, nuclear reactor 
accidents or other contamination with the waste products of nuclear reactions 
(Grasty et al. 1985). A major component of these waste products is 137Cs, with a 
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characteristic gamma ray emission at 0.661MeV, which will overlap with the 
lower energy bismuth peak, given the limited energy resolution of scintillation 
detectors.
Minty et al. (1998) propose a multichannel processing scheme for airborne 
radiometric data, which introduces the important concept of an effective height. 
Earlier workers (Dickson et al. 1981; Grasty et al. 1985) have noted that the shape 
and intensity of the gamma ray spectrum varies with increasing distance from the 
ground, and that this variation can be expressed using principal spectral 
components derived from a ground calibration exercise with some sort of 
simulation of altitude effects. Minty et al. (1998) take this concept further in that 
they invert the spectra using these spectral components as a model and thus 
calculate an effective height as an additional parameter. This effective altitude 
often does not agree with the measured aircraft altitude, as it takes factors such as 
non-infinite sources, irregular topography, shielding due to vegetation and soil, 
soil moisture etc. into account. This parameter may also be useful in the proposed 
two dimensional inversion of airborne data proposed by Gunn (1978) and Gunn 
and Almond (1997).
2.4.3 Calibration and calibration facilities
Until recently, airborne spectrometer calibration was limited to the calculation of 
stripping ratios on the ground, using concrete calibration sources, and the 
calculation of sensitivities, altitude correction factors and cosmic and aircraft 
backgrounds over an homogeneous site close to water to allow the measurement 
of background radiation (International Atomic Energy Agency 1991). With the 
development of multichannel instruments and the availability of powerful 
computers, a number of workers have been looking at methods for a multichannel 
calibration (Grasty et al. 1985; Minty et al. 1998). These methods use a simulation 
of the aircraft altitude, generally achieved by placing shields made of plywood or 
a similar material placed between the calibration source and the aircraft. Wood is 
commonly used, as it is largely composed of carbon, nitrogen and oxygen -
similar materials to the atmosphere. Minty et al. (1998) define the concept of an 
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effective altitude, a parameter derived from principal component analysis of the 
spectral data thus obtained. This is a result not only of the air layer between the 
ground and the aircraft, but also of other shielding material such as soil cover, soil 
moisture, vegetation etc. as well as inhomogeneity of the earth's surface. The 
effective altitude provides a parameter which may allow better fitting of standard 
spectra to a measured spectrum than the measured altitude. Another approach to 
calibration suggested in recent years has been the use of simulated spectra (Minty 
1998).
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Chapter 3 Survey methods
3.1 Radiometric survey objectives 
The primary objectives of any airborne radiometric survey are:
1. The location of areas with anomalous radionuclide activities. These 
anomalies could be due to higher or lower radioactivity levels than the 
local background values.
2. The characterisation of radiometric anomalies, in terms of the 
radionculides present, or the ratios between different radionuclides.
3. The mapping of radionuclide anomalies
4. The quantification of radionuclide anomalies
These objectives are arranged hierarchically in a scheme that will be used to 
assess the success of the ultralight. The characteristics of a radiometric anomaly 
are:
 Anomalously high or low levels of radioactivity (total count anomalies)
 Anomalously high or low levels of potassium, equivalent uranium or 
equivalent thorium (radioelement channel anomalies)
 Anomalous radionuclide ratios
 Unusual (for example anthropogenic) radionuclides
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Table 3.1 lists these objectives, together with the outputs to be expected from a 
survey achieving the objectives the infrastructure required to achieve them. Each 
successive objective will require the infrastructure needed to achieve all of the 
previous objectives.
Table 3.1. Hierarchy of objectives for radiometric surveys
Objective Output Requirements
Location Identified anomalies Basic data collection 
system, with limited 
processing and mapping 
capability
Characterisation Detailed descriptions of 
anomalies, e.g. nuclides 
present, nuclide ratios, 
spectral components etc.
Multichannel (at least 4-
channel) data recording 
system. More 
sophisticated processing 
infrastructure.
Mapping Maps of anomalies GIS and/or image 
processing infrastructure.
Quantification Radionuclide 
activities/concentrations
External inputs and 
facilities such as 
calibration pads, dynamic 
calibration ranges etc.
This hierarchy of objectives not only lays down the requirements for the 
successful completion of radiometric surveys, but also suggests the steps needed 
for the development and implementation of a radiometric surveying system.
29
3.2 Historical development of survey platforms and 
instrumentation 
3.2.1 Early systems
The first airborne radiometric surveys were flown with simple scintillometer 
systems, recording total gamma ray activity using one or more aircraft mounted 
detectors. Data were recorded in analog form, generally using a chart recorder and 
maps were typically compiled manually. These systems allowed the location of 
radioactivity anomalies only. The earliest surveys were flown around 1943, using 
aircraft mounted Geiger-Mller tube detectors (Cook 1952). By the early 1960s, 
these had been replaced with arrays of thallium activated sodium iodide (NaI(Tl)) 
detectors, typically consisting of 3-6 cylindrical detectors which would be 
considered small by modern standards (Moxham 1960). Gamma ray 
spectrometers were first used for laboratory analysis of uranium and potash ores 
during the 1950s (Mero 1960), while NaI(Tl) based gamma ray spectrometers 
were first used for airborne surveys during the 1960s (Duval 1977).
3.2.2 Multi-channel systems
The single channel instruments were superseded by 4 channel instruments, 
recording counts, in 4 channels, giving activities in the potassium, uranium, 
thorium and total count windows. Early multichannel instruments recorded 256 
channels of digital data, however for many years the computers available were not 
able to process these large data sets, and the 256 channel data was reduced to the 
conventional 4 channels. In recent years, spectral processing methods have started 
to make full use of multichannel data.
3.2.3 Airborne survey platforms
All of these early systems required fairly large aircraft to lift the detectors, other 
instruments, fuel and the survey crews. In more modern systems, large detector 
packs with NaI(Tl) volumes of 32 or more litres are still used, requiring a 
relatively large aircraft. Typical survey aircraft are Cessna 404 Titans and 208 
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Caravans. These aircraft provide good performance both on surveys and on ferry 
flights to survey areas, but are expensive to operate, resulting in high survey costs.
3.3 Lightweight airborne geophysical platforms 
3.3.1 Justification for the use of a lightweight airborne geophysical 
platform
Generally geophysical instruments are either carried on foot or mounted in 
aircraft. Some instruments may be vehicle mounted, but it is more often than not 
impossible to access most points in a survey area using a vehicle. Ground surveys 
are usually limited in scope, due to the time taken to move between survey points 
and, in the case of radiometric surveys, the time taken for a single measurement. 
Airborne surveys, on the other hand, tend to be expensive, as the costs of 
mobilisation of the aircraft to be used and the operating and crew costs of the 
aircraft need to be taken into account. It should be remembered, however, that the 
extremely high rate of production possible with an airborne system will mean that 
the cost per measurement with an airborne system will generally be lower than 
that for ground surveying.
In radiometric surveying, airborne surveys differ from ground surveys in that the 
detector is raised several tens of metres above the ground. This results in the so-
called "circle of investigation" (Pitkin and Duval 1980), which has a radius 
varying from tens to hundreds of metres, depending on the aircraft's altitude above 
ground level. It is therefore possible, using the correct survey parameters, to 
design a survey which gives full coverage of the ground surface. 
In ground surveys the detector is close to ground level (typically placed on the 
ground surface or around 1m above the surface). This allows a precise 
measurement to be made of a small area. The long counting times possible for 
ground measurements also allow extremely precise determinations of radioactivity 
to be made, as opposed to airborne surveys, where the movement of the aircraft 
practically limits counting times to one second per measurement. Airborne 
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systems compensate for the short counting time available and the large source-
detector separation by using large detectors and since detection efficiency 
increases with the density of the detector material, larger detectors are extremely 
heavy (NaI(Tl) has a density of 3.67gcm-3) and require relatively large aircraft to 
be used for airborne radiometric surveys with large detector systems.
The first phase of the research which led to this project involved attempts to 
install geophysical equipment in a remotely piloted aircraft. Difficulties 
encountered in this project led to the identification of ultralight aircraft as a 
potential platform for geophysical instrumentation.
3.3.2 Experimental testing of a remotely piloted aircraft
The Council for Geoscience's first attempts at miniaturising airborne geophysical 
systems involved test flights undertaken using a remotely piloted drone. At this 
point no lightweight radiometric system was available, and the tests were limited 
to magnetometers. A three component fluxgate magnetometer was installed in the 
aircraft, with an 80386 based motherboard controlling a data acquisition system 
and a downlink to provide a video feed to the ground-based pilot. This system was 
unsuccessful for three major reasons:
1. The servo motors operating the aircraft's control surfaces were a major 
source of magnetic noise, rendering the magnetic data unusable.
2. The small size of the aircraft made take-off and landing extremely difficult 
due to ground turbulence.
3. The single video camera mounted in the nose of the aircraft did not allow 
the pilot to judge distance. This made low-level flying extremely difficult.
During this period, larger drones were also investigated, such as those produced 
by Denel and the CSIR, but prohibitively high costs and the problems described 
above made these systems less attractive than microlight or ultralight aircraft.
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Figure 3.1. Remotely piloted aircraft used for the initial lightweight geophysical experiments.
3.3.3 Ultralight and microlight aircraft
The term ultralight and microlight are often used interchangeably to define the 
class of light aircraft used in this study. A distinction often applied is that the term 
microlight is applied to weight-shift aircraft, which resemble powered hang-
gliders and are controlled by the pilot shifting his or her weight, while ultralight is 
used to describe more conventional-looking 3-axis aircraft (Wikipedia 2007b)
(See Figure 3.2). 
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(a) (b)
Figure 3.2. (a) Microlight (Wikipedia 2007b) and (b) ultralight aircraft. 
Modern ultralight and to a lesser extent microlight aircraft present a number of 
advantages over conventional (helicopter and large fixed wing) systems for 
geophysical surveying. These are particularly important in small (<4000 line km) 
surveys, where mobilisation costs can make up a significant part of the total 
survey cost.
 The purchase and operating costs of ultralights are significantly lower than 
conventional aircraft, resulting in lower setup costs.
 Most ultralight aircraft are made largely of composite materials and 
aluminium, which are non-magnetic, resulting in lower orientation-based 
errors and better signal-to-noise ratio in magnetic surveys.
 The ultralight aircraft used for airborne surveying have low stall speeds 
and are therefore capable of flying on survey slower than conventional 
fixed wing aircraft. They are also able to operate safely at lower altitude, 
depending on topography and weather conditions.
Unfortunately, these aircraft also have serious limitations as survey aircraft:
 The most serious limitation, particularly for radiometric surveying, is 
presented by the limited payload of the aircraft. It would be impossible to
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fly carrying a conventional airborne radiometric detector system, which 
comprises ten 4.2 litre NaI(Tl) detectors, and has a mass of over 150kg for 
the detector crystals alone. The limited payload also prevents the carrying 
of an operator to monitor and control the data acquisition system.
 The light weight of the aircraft makes them extremely susceptible to 
adverse weather conditions and survey flying is impossible even in 
relatively light winds. This can have significant cost implications on
surveys where bad weather is experienced.
 Ultralight aircraft generally have limited range, which can cause 
difficulties in areas where no airstrip is available close to the survey site.
This study has mainly focussed on finding means to compensate for the first 
limitation, i.e. the limited payload of the aircraft and the need to develop a 
lightweight airborne radiometric system suitable for installation in an ultralight 
aircraft.
It was hoped that the ultralight based airborne system would be able to fill the 
niche between ground surveys, which can achieve extremely high spatial 
resolution and airborne surveys with large conventional systems which provide 
good spatial coverage. The mobilisation and aircraft operating costs incurred for 
conventional systems effectively preclude their use on smaller sites. It was 
therefore hoped that the ultralight airborne geophysical system would make the 
advantages of airborne surveying available for smaller sites. The potential areas of 
application were identified as engineering and environmental studies and 
exploration for small deposits such as kimberlites.
Early development of ultralight systems 
The initial developments on ultralights were aimed at determining the suitability 
of the platform for geophysical surveying. Initial experimental surveys were 
undertaken using a borrowed Streak Shadow ultralight equipped with a proton 
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precession magnetometer, a handheld gamma spectrometer with a 7.6cm x 7.6cm 
cylindrical NaI(Tl) detector and a notebook computer for data acquisition. The 
results obtained using this system confirmed the advantages indicated above, and 
indicated some of the potential disadvantages. The improvised nature of these 
installations can be seen on Figure 3.3, showing an early test using BGO 
detectors, which relied on two full-size desktop personal computers for data 
acquisition.
Figure 3.3. Early experimental survey using a Streak Shadow ultralight, fitted with strut-
mounted BGO detectors and an acquisition system based on two full-size PCs.
A number of lessons were learned that lead to permanent installations on purpose 
built aircraft:
 Conventional hard disks, particularly notebook hard disks are susceptible 
to vibration, and cause computer failures during flight. This was solved by
using solid state memory in place of hard disks on later installations.
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 Vibration is in general a problem in aircraft, and computer components 
should be kept as compact as possible. Since the commercially available 
gamma-ray spectrometer cards are designed to fit into the ISA slots of a 
conventional PC and are not available as PCMCIA devices, a compromise 
had to be reached and a PC104 based system with an ISA-bus backplane 
was eventually used to control all data acquisition and instrument control.
 In general it was felt that one-off and specially designed systems, while 
they may offer superior performance, should be avoided. Off-the-shelf
systems, with minimal modification are preferable as they can be easily 
replaced and generally have superior technical support.
 Adapting an installation to a particular aircraft is often not practical, and it 
is preferable to purchase a custom-built aircraft, to allow the permanent
installation of instrumentation. With the ultralight aircraft used in this 
study, this is possible, new aircraft being locally built to customer 
specifications.
Custom-built ultralight installations 
After consideration of the available aircraft, a permanent installation of 
magnetometer, gamma-ray spectrometer, laser altimeter and differential GPS was 
built into a customised Streak Shadow ultralight aircraft (See Figure 3.4). The
Streak Shadow and Jabiru aircraft used in this study were built locally by Shadow 
Lite C.C. in Botha’s Hill, Kwazulu-Natal, simplifying the purchase of customised 
aircraft.
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Figure 3.4. Streak Shadow ultralight, with permanent instrument installation in the rear 
cockpit.
The Streak Shadow was initially designed as a tandem two-seater, allowing the 
installation of the instrumentation and enlarged fuel tanks in the rear cockpit. The 
NaI(Tl) detector was mounted underneath the other instrumentation, to prevent 
shielding of a portion of the detector's field of view by lead-acid batteries or a full 
fuel tank. Shielding by the aircraft's fuel was seen as a particular problem, as the 
degree of shielding would vary with the progress of a flight, as the fuel tank 
emptied. This aircraft was also fitted with an 80 h.p. four stroke Jabiru engine 
instead of the usual two-stroke Rotax units, as this is a significantly quieter engine 
– an important consideration for a survey aircraft being operated at low level –
and is significantly more fuel efficient, allowing a longer survey and ferry range.
Instrumentation used for routine ultralight surveys 
Following the development phase described in Section 3.3.3, a more permanent 
installation was developed and installed in both the Streak Shadow and Jabiru UL 
aircraft. The core of the data acquisition system was a standard PC104 bus 
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computer, which controlled data acquisition and storage. Software for the 
acquisition and storage of data was developed by Patrick Cole of the Council for 
Geoscience, with the specifications for the radiometric data collection being 
developed as part of this study. The systems comprised the following instruments.
 A geometrics G823 Cs-vapour magnetometer
 A standard Bicron 10.2cm x 10.2cm x 40.8cm (4.2 litre) ruggedised 
NaI(Tl) detector with a 3.5" photomultiplier, mounted in a customised 
shock and thermally insulated housing, built by Geotron Systems.
 An Oxford Instruments PCAP card mounted in a PC104 bus computer. 
This computer serves as the data acquisition system for the magnetometer, 
gamma-ray spectrometer, laser altimeter and NIR profiler.
 A Riedl laser altimeter.
 A Satloc real-time differential GPS system, used for survey navigation as 
well as flight path recovery. This system, originally developed for crop 
spraying applications uses differential GPS to locate the aircraft and 
provides guidance to the pilot via a lightbar on the aircraft’s instrument 
panel, indicating deviations from a preplanned survey flight (See Figure 
3.5). A separate GPS unit was used for general aircraft navigation.
 One system has been fitted with an Ocean Optics PC2000 near infra-red 
spectrometer card, with the input from a downward looking optical fibre. 
This provides a spectrometeric measurement of the reflected visible and 
near-infra-red light from the ground, with a useable wavelength range of
approximately 400-1100nm. No focussing lens was fitted to the end of the 
optical fibre used and the field of view was not determined.
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It should be noted that, with the exception of the gamma-ray spectrometer, off-
the-shelf airborne instrumentation was installed in the ultralight aircraft, while the 
gamma-ray spectrometer was constructed from readily available components.
The construction of the instrumentation was done by the technical and scientific 
staff of the Geophysics Unit of the Council for Geoscience, while the aircraft and 
systems were operated by staff from Southern Exploration Services. The author’s 
involvement in the development and construction of the system comprised:
 Definition of detailed specifications.
 Identification of suitable components.
 System design and oversight of construction and installation.
 Development of detailed specifications for acquisition software.
 Development of survey operating procedures and training of staff in the 
implementation of these procedures.
 Development of processing software.
 Troubleshooting of the radiometric systems.
This study focuses on the installation and operation of the gamma ray 
spectrometer and the processing and interpretation of data generated using this 
instrument.
Initally, the gamma ray spectrometer was set up to record the spectrum in 512 
channels with a channel width of 10keV, giving spectral coverage of 
approximately 0.200-5.120MeV. In the interests of compatibility with 
commercially available software, this was later altered to record the range 0-
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6MeV in 512 channels. The natural gamma ray spectrum (0-3MeV) was thus 
measured in the first 256 channels, with a channel width of 11.7keV.
Dead time corrections were performed by the firmware on the Oxford PCAP 
acquisition card, which records time as live time. Setting the acquisition system 
for a 1 second counting time, as used in the airborne systems, will therefore result 
in a real counting time of 1s of live time plus whatever dead time is introduced by 
the electronic recording of the counts received (generally referred to as dead 
time). As a consequence of this, a 1 second spectrum will take longer than 1 
second to acquire, in contrast to commercially available airborne radiometric 
sytems, where counting time is limited to 1 second and a dead time correction, 
based on the count rate and the known characteristics of the instrumentation is 
used to estimate the count rate for a full second of live time. This will have the 
effect, in extreme cases of extending the time taken for a single measurement and, 
as the detector is mounted in a moving platform, could affect the spatial resolution 
of the survey. In practice this was not found to unduly affect counting times, 
except where unusually high count rates were encountered (See Section 5.2.5 for a 
description of a survey over the Steenkampskraal monazite mine, where count 
rates in excess of 100,000 counts per second were encountered).
Two Jabiru-based systems (See Figure 3.5) were built, tested and operated 
successfully for several years, until 2004 when they were replaced with larger 
systems mounted on larger Cessna aircraft. These larger systems were, however,
still significantly smaller and cheaper to operate than the large standard systems.
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Figure 3.5. Jabiru UL ultralight aircraft set up for geophysical surveying. Note the cowling 
for the magnetometer sensor on the horizontal stabiliser at the rear of the aircraft, the 
cowling below the cockpit for the spectrometer NaI(Tl) crystal and the acquisition and 
navigation systems built into the aircraft’s control panel.
Data acquisition 
system
GPS for aircraft 
navigation
GPS for survey 
navigation
Lightbar for 
survey guidance
Spectrometer 
detector housing
Magnetometer 
sensor housing
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3.3.4 Limitations on the calibration and routine operation of 
ultralight-based systems
Limitations posed by the aircraft 
After several years of surveying with ultralight aircraft, a decision was taken by 
the operators, the Council for Geoscience and Southern Exploration Services, to 
opt for larger systems, utilising commercially available instrumentation. This 
decision was taken due to a change of focus in the type of surveys to be flown, 
from small high-resolution surveys to larger more regional surveys. Attempts to 
undertake such surveys with the Jabiru ultralight had been moderately successful, 
but were hampered by:
 The lack of qualified maintenance staff for the aircraft in South and 
Southern Africa.
 Relatively short servicing intervals.
 The inability of the aircraft to operate in anything but extremely calm 
weather. This made it impossible to operate the systems during large parts 
of most summer days, due to unstable air conditions.
 The short range of the aircraft, making long ferry flights between the base 
of operations in Gauteng and remote survey areas impractical.
 The limited capacity of the aircraft, which could carry only the pilot and 
instrumentation. This had the effect that even for small surveys a ground-
crew needed to be deployed by road.
Calibration problems encountered during the development period 
The small size of the detector used and the limited performance of the ultralight 
aircraft created a number of problems for the calibration of the spectrometer 
system. While it would be desirable to calibrate this system using a standardised 
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method, this was determined to be impossible. Table 3.2 summarises the problems 
encountered with the calibration of the airborne spectrometer and solutions 
applied to these problems.
Table 3.2. Calibration requirements for airborne radiometric surveys, problems encountered 
with the realisation of these requirements and the solutions adopted and developed.
Calibration 
requirement 
(International Atomic 
Energy Agency 
2003a)
Problems encountered Solutions
Background 
correction: High 
altitude flights over 
water without radon. 
15 minutes 
accumulation time 
required for a 33.6 litre
detector
Large bodies of water 
were generally not 
available for inland 
surveying. 120 minutes 
accumulation time would 
be required for a 4.2 litre
detector. Ultralight 
aircraft are generally not 
permitted to fly over the 
sea.
The ultralight aircraft had 
an extremely low 
background radiation level. 
Background corrections 
were applied to data 
wherever possible, using 
portions of survey data 
collected over water or 
non-radioactive geology.
The Stripping 
correction is based on 
data collected over 
large concrete 
calibration sources.
No suitable sources were 
available in South Africa, 
with the nearest sources 
being located in 
Windhoek, Namibia, 
beyond the range of the 
aircraft used. 
Attempts were made to 
calibrate using small 
sources. This approach was 
found to be unsatisfactory, 
and an alternative approach 
to stripping (See Chapter 5) 
was developed.
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Calibration 
requirement 
(International Atomic 
Energy Agency 
2003a)
Problems encountered Solutions
Height correction is 
based on flights over 
water and a flat 
homogenous 
calibration range with 
measured ground 
activities.
No suitable site could be 
identified within South 
Africa and the site at 
Henties Bay in Namibia 
was beyond the range of 
the aircraft. This site is 
also prone to high winds, 
which pose a serious risk 
for ultralight flying.
An empirical method for 
altitude correction 
(Braginskaya and Zubov 
1998) was adopted for 
ultralight surveys.
Sensitivity correction
requires a similar 
calibration range to the 
height correction.
No suitable site could be 
located within flying 
range of the ultralight 
aircraft.
Data are reported as 
stripped count rates. In the 
case of environmental 
surveys, secular 
disequilibrium prevents the 
conversion of  214Bi 
activities to uranium 
concentrations, while no 
calibration sources exist for 
anthropogenic 
radionuclides.
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Calibration 
requirement 
(International Atomic 
Energy Agency 
2003a)
Problems encountered Solutions
Radon correction
requires high altitude 
flights and flights over 
water in areas with 
relatively high radon 
concentrations. 
Upward looking 
detectors may be 
utilised.
The ultralight aircraft are 
typically unable to fly 
high enough over the 
plateau areas which cover 
much of South Africa, 
where most surveys were 
undertaken, for a radon 
correction. No upward 
looking detectors were 
fitted to the ultralights
No radon corrections were 
performed. In some cases, 
tie-line levelling was used 
to reduce the effects of 
radon on data quality.
During the uranium-boom years of the 1970s and 1980s, significant infrastructure 
was put in place in South Africa for the calibration of airborne spectrometers. This 
culminated in the building of a set of calibration pads at Lanseria airport by the 
Atomic Energy Corporation. These were large circular concrete pads, 8m in 
diameter, permanently installed in a runway at the airport. Unfortunately, the pads 
were not homogenous, especially the thorium pad, where a small volume of 
highly radioactive ore from Steenkampskraal (See Section 5.2.5) was used to 
achieve an overall concentration of around 180 p.p.m. (Saunders et al. 1987). The 
dense ore sank to the bottom of the pad during the mixing and casting of the 
concrete and could not be well mixed, owing to the small amount of ore in a large 
volume of concrete (pers comm. B Corner). In the early stages of this project, the 
management of Lanseria Airport decided to build a hangar on the site of the pads, 
and cut the pads up and moved them to another site on the airport. It appears as 
though some of the concrete from the bottom of the pad may have been lost at this 
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stage, as the concentrations of all the pads were found to be less than their original 
concentrations as well as being highly inhomogeneous, using a handheld gamma 
ray spectrometer. There were therefore no suitable calibration pads available in 
South Africa throughout the duration of the project. Furthermore, no calibration 
strip had been identified for use in South Africa either. 
Following the decline of the uranium market in the late 1980s, little further 
development of calibration facilities was undertaken until the late 1990s, when a 
large scale programme to survey the whole of Namibia was launched. By this 
time, the ideal design for a calibration pad had changed from the large pads of the 
type built at Lanseria to portable pads with a volume of approximately 0.3-0.5m3.
A set of such pads was purchased by the Geological Survey of Namibia and stored 
at Eros Airport in Windhoek. A calibration strip was also identified at Henties
Bay (Geological Survey of Namibia 1998) on the Namibian coast, which was 
regarded as suitable for the calibration of large airborne systems. Unfortunately, 
the short range of the ultralight aircraft, particularly the Streak Shadow, made 
calibration in Namibia unpractical, while the unpredictable and often windy 
weather on the Namibian coast posed a potentially serious safety constraint on the 
use of the Henties Bay calibration line.
For these reasons, an alternative approach to calibration had to be developed. This 
is described in Chapter 5, and offers an alternative approach to the determination 
of stripped count rates.
3.3.5 Routine geophysical surveying
After initial testing, the ultralight systems were applied to the Council for 
Geoscience’s national geophysical mapping programme, in support of geological 
mapping projects. Figures 3.6 and 3.7 provide an example of such a survey, and 
illustrate some of the strengths and weaknesses of the ultralight systems. 
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Figure 3.6. Total count image of the area west of the Pilanesberg.
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Figure 3.7. Ternary (U=Red, K= Green, Th=Blue) image of the area west of the Pilanesberg.
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The first obvious feature of these datasets is the lack of data over the Pilanesberg 
Complex itself. It was deemed to be unsafe to operate the ultralight aircraft over 
the rugged terrain of the complex, and no data were collected. This constraint 
would also apply to conventional fixed-wing aircraft, owing to the extremely 
rugged nature of the Pilanesberg
The key radiometric features in this dataset are the high-intensity anomalies
surrounding the Pilanesberg due to detrital material from the Pilanesberg 
Complex, eroded into the local drainage system. These produce the bright red 
anomalies in the total count image and the light colours in the ternary image. 
Other important features are the anomalies due to the layered sedimentary rocks 
of the Pretoria Group which outcrop to the south of the Pilanesberg Complex. 
These show up as the cyan to green anomalies in the total count image and as 
noisy pink to green areas in the ternary image.
These noise in these areas arises due to the relatively low count rates in the K, U 
and Th channels, and resulting higher uncertainties due to the Poisson-distributed 
nature of radiometric count rates. This noise was found to be a general feature of 
element channel maps produced from ultralight data, in areas of low to moderate 
radioactivity.
3.3.6 Lightweight airborne systems
In 2004, the two Jabiru aircraft were replaced with a Cessna 206 and a Cessna 
210. These aircraft are still considerably smaller than a conventional survey 
aircraft – typically Cessna 208 Grand Caravans and 404 Titans are used – and are 
not able to carry the very large detector systems used in most modern surveys. 
They have been equipped with Exploranium GR820 Gamma Ray spectrometers 
with 16.8 litre detector packs and 4.2 litre upward looking detectors. Similar 
navigation systems to the ultralights have been installed in these aircraft, again 
allowing operation by the pilot alone. These aircraft are also capable of the close 
line-spacing achieved with the ultralights as well as slower than conventional 
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airspeeds, although they are not able to fly as slowly as the ultralights, particularly 
the Streak Shadow.
The decision to replace the ultralight systems with the larger aircraft was based on 
the performance problems experienced with the ultralight aircraft, particularly the 
inability to operate in all but the lightest of winds, the short ferry-range and the 
lack of easily accessible maintenance services. This marked the end of the 
development of the ultralight geophysical systems. A comparison of the 
performance of the Streak Shadow, Jabiru UL and larger airborne radiometric 
systems is presented on Table 3.3.
Table 3.3. Comparison of the survey performance and capabilities of the different aircraft 
used for this study and a full-sized survey system (pers. comm. T Grace).
Parameter Streak 
Shadow
Jabiru UL Cessna 
206
Cessna 
210
Full-sized 
system
Spectrometer Custom-
made –
ruggedised 
PC based
Custom-
made –
ruggedised 
PC based
Exploraniu
m GR820 
or similar
Exploraniu
m GR820 
or similar
Exploraniu
m GR820 
or similar
Detector 
system
Single 4.2 
litre 
NaI(Tl)
Single 4.2 
litre 
NaI(Tl) 
(Small 
BGO 
Detector 
tested –
See 
Chapter 6)
Pack of 4 
4.2 litre 
NaI(Tl) 
detectors 
plus one 
upward-
looking 4.2 
litre 
detector
Pack of 4 
4.2 litre 
NaI(Tl) 
detectors 
plus one 
upward-
looking 4.2 
litre 
detector
2 packs of 
4 4.2 litre 
NaI(Tl) 
detectors 
each with 
an upward-
looking 4.2 
litre 
detector
Survey 
airspeed
110-
130km/h
140-
160km/h
220km/h ~250km/h 250km/h
Survey 
altitude 
(a.g.l)
>30m >30m >80m >80m >80m
Survey 
endurance
2 hours 4 hours 4 hours 6 hours 6 hours
Ferry range 150km 800km 900km 1400km 1400
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Chapter 4 Simulation of gamma ray spectra
4.1 Introduction 
In any geophysical technique, the ability to simulate the response of 
instrumentation to realistic signals is of great value. It allows instrumentation to 
be specified and designed, the capabilities and limitations of the instrumentation 
to be predicted and processing methods to be developed and evaluated. In the case 
of airborne radiometric surveying, a realistic simulation method is particularly 
important for a number of reasons:
 Detectors large enough to be practically applied in airborne surveys are 
extremely expensive, making it impracticable to test different detector 
types and sizes using real detectors. A realistic means to simulate the 
response of different detector shapes, sizes and materials will therefore be 
of great value in the design of radiometric systems. This has been applied 
to the development of a spectrometer using a novel detector material (see 
Chapter 6).
 A number of approaches may be taken in the processing of airborne 
radiometric data. In order to assess the effectiveness of these methods, 
reliable test data are required. While it is possible to use real data for such 
assessments, the nature of the method, in particular the averaging effect of 
a spectrometer over its circle of investigation (Pitkin and Duval 1980), has 
the consequence that the actual source term (i.e. the distribution of 
radionuclides on the earth’s surface) is never well known, except in 
calibration sources and calibration ranges, where the radionuclide content 
has been determined. Simulation methods allow the precise specification 
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of the radiation source, in terms of material composition, density and 
radionuclide content and allow the specification of any radionuclide 
distribution, in contrast to calibration sources and calibration ranges. This 
property has been used to test processing and calibration methods (see 
Chapter 5).
Broadly speaking, two approaches may be used to simulate radiometric data. 
Deterministic modelling will apply some simplified model to an idealised 
geological-geometric scenario in an attempt to produce synthetic data (Clark et al. 
1972; Holmberg et al. 1974; Nazarov 1977). Typically, these methods rely on the 
determination of unit count rates or unit spectra which are then multiplied by the 
relevant radionuclide activities. This approach has been applied since the earliest 
days of radiometric surveying (Cook 1952) and can provide an assessment of the 
applicability of the techniques used and be used to generate forward models for 
radiometric surveys. Such forward models are also invaluable in the inversion of 
airborne data to ground radiometric concentrations as suggested by Gunn (1978)
and Gunn and Almond (1997).
Deterministic methods are generally based on empirical measurements or simple 
approximations to the complex transport, scattering and absorption of gamma rays 
under real-world conditions. The true stochastic nature of these processes is best 
modelled using a stochastic method, such as Monte Carlo simulation. While these 
methods are relatively new for geophysics, they are well established in other 
fields of physics looking at particle transport (Briesmeister 1997; Mickael et al. 
1988). Hovgaard (pers comm.) and Minty et al. (1998)have proposed the use of 
Monte Carlo simulated spectra to solve certain calibration problems, while World 
Geoscience Corporation apply simulated spectra in their proprietary "Spectra-
Plus" processing method (Minty 1998). In recent years, Monte Carlo simulation 
has become more generally used for the prediction of the performance of 
environmental and geophysical detector systems (Koomans 200).
The simplest deterministic simulation technique used in airborne gamma ray 
spectrometry takes standard spectra determined on calibration pads, and multiplies 
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these by radionuclide concentrations to obtain a model spectrum. This method is 
often inadequate for the production of synthetic data as it uses idealised spectra, 
collected under controlled conditions with long counting times. Furthermore, only 
the response of an existing detector can be simulated. Monte Carlo simulation 
methods provide a means to generate a model of the physical conditions under 
which measurements take place, and can simulate the decay and transport 
processes in the source and environment and to test the response of a theoretical 
detector under these conditions provided that numerical expressions exist for all 
the processes involved. The noise contained in a Monte Carlo simulated spectrum 
results from a simulation of the physical processes which would lead to the real-
world spectrum and is therefore more similar to the real-world noise than Poisson 
distributed synthetic noise which would more commonly be added to an ideal 
spectrum in deterministic simulation studies.
In essence, the Monte Carlo technique applied in this study involves modelling 
the tracks of individual gamma ray photons through a defined geometry, 
containing different materials, using established nuclear databases to predict the 
scattering and absorption reactions which take place. Obviously, the simulation of 
large numbers of particles is a highly computer-intensive process, but simplified 
model geometries and the availability of low-cost high-speed computers makes 
this process practical. The method presented here has been developed on the 
method presented by Coetzee (1999).
4.2 Gamma ray production, transport and absorption 
Gamma rays are emitted as a by-product of beta decay, with energies 
characteristic of specific decays. This makes gamma ray spectrometry an 
important diagnostic tool as specific beta emitters can be detected and quantified 
by measuring the intensity of specific gamma ray spectral lines. Knowledge of the 
relative probabilities of the different decays allows the generation of a probability 
function for any combination of these decays. Repeatedly sampling this 
probability function to produce gamma rays with a random angular distribution 
allows the simulation of a realistic gamma ray source.
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The gamma rays then interact with matter in the source region, the air layer 
between the detector and the detector and its housing itself. Inside the detector, 
certain processes produce the light pulses which are then counted, producing the 
signal. The underlying physics of these processes is discussed in Section 2.1.1. 
The software to be used for the simulation of gamma ray spectra must be able to 
model all of these phases in the generation of a spectrum.
4.3 Software 
The modelling has been performed using the MCNP4B package (Briesmeister 
1997), distributed by the Radiation Safety Information Computing Centre 
(RSICC) at Los Alamos National Laboratory, New Mexico, USA. This software 
allows the modelling of the transport of any n-particle (neutrons and photons) 
through any medium or combination of media, with user specified geometry, 
materials, source energies and detector types. Figure 4.1 shows a sample 
simulation produced using MCNP4B, for concentrations of 3% K2O, 3ppm U3O8
and 10ppm ThO2, with a 4.2 litre (10.2cm x 10.2m x 40.8cm) prismatic NaI(Tl) 
detector, 24m above the surface.
A drawback of the method is the amount of computer time involved in simulating 
spectra. The spectrum shown in Figure 4.1 was produced to simulate a 1s 
counting time for the detector over a source containing 3%K2O, 3ppm U3O8 and 
10ppm ThO2. This entailed simulating 428 900 gamma ray photons, whose 
transport required the production of more than 40 billion random numbers. The 
simulation run time on an Intel Pentium II 400MHz personal computer, using the 
Linux 2.2.5-15 operating system is 2.43 minutes. During the course of the study, 
progressively faster and faster computers became available for the simulations. 
The simulation process is CPU intensive, therefore the determining factor in 
simulation speed appears to be CPU speed, with an approximately linear 
relationship between CPU speed and simulation time having been observed. Even 
if modern computers with CPU speeds of 3000MHz or more are used, the 
simulation of large datasets will still take several hours or even days of computer 
time. Obviously, this makes the method impractical for direct forward modelling 
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of large surveys; however it may be used for the production of synthetic spectra 
for calibration or the development of new processing methods. More recent 
computers with higher processor speeds are able to perform these simulations 
considerably faster, but the improvement is still insufficient for detailed forward 
modelling studies.
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Figure 4.1. Example of a gamma ray simulated spectrum for a typical crustal concentration 
of K, U and Th detected using a 4.2 litre NaI(Tl) detector 24m above the surface.
4.3.1 Software operation and parameters
Variance reduction 
While the run-time of several minutes obtained for the example shown on Figure 
4.1 is fast enough for illustration and calibration purposes, it is extremely slow for 
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experiments that could involve simulating thousands of spectra or for cases where 
extremely high count rates or long counting times must be simulated. There are a 
number of approaches to reducing the variance in simulations (Briesmeister 1997; 
Booth 1985). In the context of this study, it may be more appropriate to consider 
these as methods to speed-up the convergence to the specific reality being 
modelled. Two methods have been investigated, in order to test their efficiency 
and applicability to the simulation of an airborne gamma ray spectrometer. A 
description of the methods and their application follows.
Energy cut-off 
Using MCNP it is possible to specify an energy cut-off parameter, which will 
terminate all particle histories if they fall below a certain specified energy. This 
prevents the wasting of computer time on particles with energy below the 
threshold of a detector, or of particles with an energy lower than the energy of 
interest in the problem.
The ultralight detector systems used for this study have been adjusted to ignore 
photons with an energy of less than 0.1MeV. This means that it is senseless to 
simulate the behaviour of such photons in any practical simulation. In cases where 
there is significant absorption in the air layer or the ground, the contribution at 
these energies, from scattered particles, is significant. Terminating such particles' 
histories can produce a significant reduction in computer time. This approach may 
also significantly decrease the computer time required where a specific problem is 
being solved. For example, a study of the ratio of the 0.609MeV and 1.76MeV 
peaks of 214Bi could be undertaken with an energy cut-off just below the lower 
energy peak, say at 0.5MeV. The example presented above has been tested, under 
the same conditions as those presented above, with energy cut-offs of 0.1MeV and 
0.5MeV. The results of these tests are shown in Table 4.1.
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Table 4.1. Comparison of computer times required for simulation of a spectrum, using 
different energy cut-off values
Energy cut-off Computer time
None 2.43 minutes
0.1MeV 1.63 minutes
0.5MeV 0.69 minutes
The results obtained are equivalent for the higher energies, although not identical, 
as the termination of particle histories results in a different sequence of random 
numbers being used to sample the photon production and interaction cross 
sections.
Particle splitting/Russian Roulette 
The particle splitting/Russian Roulette style of variance reduction involves 
modification of the weights of particles within a given model, based on an 
assessment of the likelihood of these particles ever being involved in the specific 
collision of interest. In the case of this study, particles likely to enter the detector 
should therefore be favoured. The splitting/Russian Roulette game is played at a 
defined splitting surface within the model geometry. Here, a particle entering a 
zone of greater importance is split into n particles, each with a weight of n1
times their original weight. A particle moving from a zone of greater importance 
to a zone of less importance plays "Russian Roulette", with a survival probability 
of n1 . If the particle survives this process, its weight is increased by a factor n . 
n is defined in the model's command file. The net effect of this process is that the 
zones of interest in the model are sampled by more particles than the less 
interesting zones, while the total particle weight is conserved. This allows a model 
to converge on a solution more rapidly. 
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Obviously, this method can only be applied to tally types which do not involve 
particle counting – precisely the tally type of interest in the modelling of detector 
responses. 
4.4 Modelling the transport of gamma rays from the 
ground to the detector for airborne radiometric 
surveys 
Conventional airborne radiometric processing corrects for a number of the 
parameters involved in a survey. Monte Carlo simulation however affords the 
opportunity to model the transport of gamma rays from their production in the 
ground to their eventual detection in a scintillator. Furthermore, the method 
allows the dissection of the path of the photon between production and detection, 
so that the different absorption and scattering processes can be assessed 
individually, and compared to one another. In this experiment, the path from 
decay to detection will be divided into three sections:
1. The path within the ground, looking at variations in mineralogy, surface 
material density, and potentially other soil or rock parameters such as soil 
porosity and soil water content.
2. The path through the air layer from the ground surface to the detector.
3. The scattering and absorption processes active within the detector.
4.5 Defining the radiation source 
The MCNP code allows various parameters to be varied within the radiation 
source. For the simplified models used in this study, the parameters varied were 
the source composition and density, where realistic rock and mineral bulk 
compositions and average density values were used, and the gamma ray emission 
spectrum. In all cases presented here, the 235U, 238U and 232Th decay series were 
assumed to be in secular equilibrium, although there is no reason why the effects 
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of disequilibrium could not also be simulated. All gamma ray energies due to 
these decay series which contribute more than 0.01% of the total gamma ray flux 
(Chemical Rubber Co. 1980) were used to define the source emission spectrum –
a total of 157 gamma energies resulting from the decay of 26 radionuclides.
4.6 Model geometry 
To date, all models have been run using an extremely simplified geometry, with 
the intention of simulating the response of a detector positioned above a large 
cylindrical source. Obviously, it is not feasible to simulate the natural conditions 
exactly, as the detector occupies a tiny part of a large volume through which 
gamma rays pass. 
Simulation of a 1 second counting time for the full circle of investigation of a 
spectrometer at normal survey altitude would involve the modelling of tens to 
hundreds of billions of gamma rays, even for relatively low ground activities. To 
perform this simulation on the computer used to illustrate the method would take 
approximately a year to simulate a single one second measurement. 
For this reason, a small-scale model of the geometry is used, with a high pressure 
air layer between the source and the detector to simulate the effect of increased 
altitude (see Figure 4.2). This approach is similar to that employed experimentally 
where plywood sheets are used to simulate the air layer between a calibration pad 
and a real detector (Grasty et al. 1985; Minty et al. 1998). Different altitudes may 
then be simulated by increasing or decreasing the air density in this layer. The 
presence of a high air pressure layer above the detector allows the simulation of 
the skyshine effects generally not simulated in calibration experiments. 
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Figure 4.2. Cross section through the standard geometry used to model detector responses.
4.7 Example of an mcnp model 
Monte Carlo simulation methods may be used to produce synthetic data to answer 
specific questions regarding radiometric surveys. Unlike tests of calibration 
sources, the conditions under which the spectra are generated can be specified 
exactly, and background-free spectra can be produced. This allows the modelling 
of extremely specific aspects of problems, rather than the compromise between 
what is desirable and the availability of test sites which must be made when using 
calibration pads or calibration flights. A full description of the MCNP4B control 
file syntax is presented by Briesmeister (1997). For example, a granitic source, 
with K, U and Th concentrations of 2.5%, 2.5 ppm and 10ppm respectively, with 
a 10.2 cm x 10.2 cm x 40.8 cm detector placed 50m above the source has been 
modelled using a geometry and materials as shown on Figure 4.2. 
Dense air layer to simulate 
skyshine
Air at 1atm
Detector, including 
aluminium housing and 
polyurethane protective 
layer
Dense air to simulate 
altitude
Source: rock with 
radionuclides
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This example presented above produces an output which represents the spectra 
presented on Figure 4.3. The energy broadening effect of the detector is selectable 
and data have been simulated with this effect selected and deselcted.
4.8 Automated simulation of large sets of gamma ray 
spectra 
In order to produce the sets of simulated spectra needed for the evaluation of 
sampling procedure, an automated simulation method was developed. This 
consisted of a number of computer programmes designed to generate an mcnp 
command file, based on input concentrations of K, U and Th and flight altitude. 
This routine was then run repeatedly from an automated script and the resulting 
mcnp control files used to repeatedly run the MCNP4B programme. A further 
program was developed to read the output of the repeated MCNP4B runs and 
compile them into a single data file, using the same output format as used by the 
ultralight airborne system.
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Figure 4.3. Output of the example simulated gamma ray spectrum, showing the 
unbroadened spectrum (Tally 18) and the energy broadened spectrum (Tally 8), using 
empirically determined parameters for the energy broadening.
During the course of the project, computer processor speeds increased 
significantly, resulting in a proportionate decrease in simulation time. 
Furthermore, the simulation code was compiled using the PVM (Oak Ridge 
National Laboratory 2007) (Parallel Virtual Machine) system to allow the 
computing load to be shared between multiple processors on a single computer or 
between the processors of multiple computers. While this resulted in significant 
gains over running on a single processor, for a single MCNP4B run, for the 
simulation of large sets of spectra, the same time advantage could be achieved by 
dividing the individual simulations between a number of computers or running 
simulations in parallel on multi-processor computers.
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4.9 Application of Monte Carlo simulations 
The simulation method presented here may be applied to a number of real-world 
problems, and has been used to assess:
 processing and calibration methodologies (see Chapter 5).
 different detector materials and specific detectors, and the applicability 
of these detectors to airborne radiometric surveying (see Chapter 6).
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Chapter 5 Data processing and calibration 
methods
"Entia non sunt multiplicanda praeter necessitatum" – things 
should not be presumed to exist or multiplied, beyond necessity 
- William of Occam (1287-1347)
5.1 Introduction 
This chapter is divided into sections relating to the different areas of analysis and 
reduction commonly applied to airborne gamma ray spectra. The areas which 
commonly affect the accuracy of an airborne radioelement concentration 
measurement are the inherent statistical noise in the individual measurements, 
estimation of background radiation, including the background due to atmospheric 
radon and variations in terrain clearance. A number of strategies have been 
proposed to minimise the effects of these factors on the accuracy and precision of 
radionuclide concentration determinations. These are reviewed and contrasted, 
using both simulated and measured data.
The processing methods developed also aimed at solving a number of problems 
which were encountered in this study. 
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 At the time of the study, no suitable calibration facilities and sites existed 
within the practical operating range of the ultralight systems. This
necessitated the identification and development of methods to perform the 
spectral stripping calculations required to reduce raw data to "stripped"
count rates, where the counts are proportional to the activity of the target 
radionuclide. This also allows the calculation of "stripped" count rates for
radionuclides not commonly encountered in airborne radiometric 
surveying, in particular artificial radionuclides (See Chapter 8). The lack 
of a suitable calibration range also required an alternative approach to be 
identified for the altitude correction of airborne data.
 Current practice uses spectral processing primarily for noise reduction. 
The original application of the NASVD method (Hovgaard 1997) however 
describes its application for the identification of minor spectral 
components which may be used to identify anomalous areas within a
radiometric survey. Spectral processing may also be used in a similar 
fashion to principal component analysis in remote sensing studies. This 
allows the identification of the number of unique dimensions contained 
within a radiometric data set as well as allowing the mapping of trends 
within radiometric data and the grouping of observations with similar
spectral characteristics.
5.1.1 Noise reduction
The gamma ray spectra that are recorded by an airborne spectrometer system are a 
result of a number of factors including the ground radionuclide concentrations, the 
surface cover material, soil moisture, air pressure, flight altitude, atmospheric 
radon, detector type etc. Since the ground radionuclide concentrations are usually 
the only desired parameters, a number of techniques have been developed to 
attempt to reduce the effects of the other factors and noise, and to provide more 
usable data than would be obtained simply by extracting count rates in three 
windows, and analysing using the conventional methods described by the 
International Atomic Energy Agency (1991).
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A class of noise reduction methods rely on the extraction of spectral components 
from data, the separation of signal from noise and the reconstruction of noise-free 
spectra. The conventional three channels are then extracted from the noise-free 
spectra and processes in the conventional manner. These methods include the 
noise adjusted singular value decomposition (NASVD) technique developed by 
Hovgaard (1997) and the minimum noise fraction (MNF) method proposed for 
use on radiometric data by Green (1998). Unfortunately the details of the 
application of the MNF method to radiometric surveying required for its full 
implementation have not been placed into the public domain. For this reason, the 
NASVD method has been used as the only noise reduction method for this study. 
The original title given to the MNF method, the "noise adjusted principal 
component" method (Green et al. 1988), suggests that the two methods are 
extremely similar, although the standard implementation of the MNF method 
allows for a few different methods of noise estimation.
5.2 Noise reduction using the noise adjusted singular 
value decomposition method 
5.2.1 Singular value decomposition
Wall et al. (2003) provide an introduction to the use of singular value 
decomposition (SVD) in the analysis of gene expression data in biological 
applications. This is a situation analogous to that encountered in airborne 
radiometric surveying, where small signals need to be extracted from thousands of 
noisy observations, each containing information pertaining to a few desired 
parameters, within a large number of observed variables. Applying their approach, 
the SVD of a set of radiometric data can be defined as follows:
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Let X represent an mn matrix of real valued data, with rank1 r, where m n and 
therefore r n. In the case of radiometric data, the rows of X would contain m
spectra, each containing n channels, recorded in a radiometric survey (in the case 
of NASVD, the rows of X would contain the "noise adjusted" spectra). The 
equation for the SVD of X is:
TVUX  11
where U is an mn matrix,  is an nn diagonal matrix and VT is an nn matrix. 
The columns of U are called the left singular vectors and form an orthonormal 
basis for the data contained in the matrix of spectra. The rows of VT contain the 
right singular vectors and form an orthonormal basis comprising the spectral 
components which make up the spectra in X.  is a diagonal matrix, containing 
the values referred to as the singular values, i, on the main diagonal. The singular 
values have the property that i>0 for 1 i r and i=0 for (r+1) i n. By 
convention, the singular vectors are sorted such that the singular values are 
ordered from high to low, with the highest singular value in the top left corner of 
the matrix .
In real-world situations, the higher order singular values, i where i>r, are not 
exactly equal to 0, owing to the presence of noise which is uncorrelated with the 
spectral components. In dealing with radiometric data this problem is further 
complicated as the identification of r is not a simple process, different spectral 
sets having different ranks, depending on the number of factors which 
significantly influence the spectral data. Furthermore, the spectral components 
1 The column rank of a matrix A is the maximal number of linearly independent columns of 
A. Likewise, the row rank is the maximal number of linearly independent rows of A.
Since the column rank and the row rank are always equal, they are simply called the rank of A. 
(Wikipedia 2007a)
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which are identified in the SVD of gamma spectral data do not usually correspond 
to real-world spectral shapes.
5.2.2 Applications of SVD
The singular value decomposition of a matrix of observed data may be used in a 
number of applications:
Noise reduction and data compression 
One important result of the SVD of X is that
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is the closest rank-l matrix to X, in a least squares sense. This has application in 
the filtering of data, where the values of i, where i>r, i.e. those components of the 
data which represent the stochastic noise present in a radiometric data set may be 
removed by setting i =0 for all i>r, and recalculating X from the SVD. This may 
also be used for data compression, where the unwanted portion of the SVD need 
not be stored, although the data storage requirements for radiometric data are not 
excessive.
Spectral analysis 
Inspection of the spectral components determined by SVD, the rows of VT, allows 
the experienced analyst to make an educated guess at the rank of the dataset, as 
well as identifying features within the dataset which relate to different aspects of 
the data collection. In the case of airborne radiometric survey data, the spectral 
components can be used to identify the radionuclides present within a survey area, 
and to deduce their variation relative to one another. The contents of the matrix U
may then be plotted in plan, to interpret the spatial variation of these components, 
which may indicate specific features of the data set, including features which can 
not necessarily be identified in the conventionally processed data (see Figure 8.25
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for an example of the mapping of such a “hidden” spectral component). Section 
5.2.5 and Chapter 8 contain examples of this application of SVD analysis (in these 
cases NASVD has been used). In addition to information regarding radionuclide 
contents, the SVD can also identify information regarding problems within data 
such as variations in spectrometer energy calibration (see Section 5.2.5) and even 
flight altitude (see Section 5.2.4).
5.2.3 Noise adjusted singular value decomposition of radiometric data
Hovgaard (1997) and Hovgaard and Grasty (1997) have described the Noise 
Adjusted Singular Value Decomposition (NASVD) of a set of spectra. A set of m
measured n-channel spectra X may be given by 
 TCSX 13
where C is an mk matrix of concentrations, ST a km matrix of unit spectra and 
contains the Poisson distributed noise. Looking at conventional spectrometry of 
natural formations, k will generally be equal to 3, the three components 
representing the concentrations of K, eU and eTh, although additional spectral 
channels, or even a full spectrum may be used in this equation.
Equation 13 is similar to the form of the singular value decomposition (SVD) of 
an mn matrix X, given by 
TVUX  14
Here, the matrix is decomposed into an mn data space, U, and an nn matrix, 
VT, containing orthogonal model components, scaled by a diagonal matrix of 
singular values,  (Scales and Smith 1997). In many cases – multichannel 
gamma ray spectra are a prime example – the dimensionality (or rank) of the 
problem p is less than n, and a maximum likelihood estimate of the system can be 
obtained from the SVD by setting the  i's, the diagonal elements of , to zero for 
i>p, under the constraint that the noise on all the observations is normally 
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distributed with equal variance and zero mean (Hovgaard 1997). This constraint is 
honoured by assuming a similarity between the Poisson and normal distributions 
and by scaling X. For Poisson processes, the variance of the noise is equal to the 
expected value of the signal i.e. D(P(. The noise on X will be given by 
XX  . The expected value of the noise is therefore
  0 XXE 15
while the variance of the noise will be 
   XXD 16
From equations 15 and 16, it is clear that scaling by the inverse of the standard 
deviation will satisfy this constraint.
In practice, this noise adjustment is realised by dividing each observation by the 
square root of an estimate of that observation. This estimate is determined in 
practice as follows:
Since the first singular value, 1 is usually very dominating,  is estimated for a 
rank 1 case. The unit spectrum, 1sˆ is taken to be the mean of all the rows of X, and 
a concentration vector 1ˆc calculated, such that the i-th element of 1ˆc , c1i is given 
by 
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The noise adjusted spectra are then given by
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and the svd calculated on X  .
The NASVD organises the components in descending order with respect to their 
contribution to the total variance of the dataset, which can be easily related to 
signal content. It is now possible to discard those components deemed to contain 
only noise, either by looking at the size of the singular values, or by inspecting of 
the spectral components contained in VT, and the rejecting those with no apparent 
spectral structure. The NASVD can then be inverted, replacing  with a new 
matrix p , where i
p
i   for i p and 0
p
i for i>p. Other noise estimation 
methods which have been proposed, tend to rely on spatial correlations of data. 
While these methods may well work for data collected using large detectors which 
give relatively high count rates, the low count rates recorded using ultralight 
systems preclude the use of these methods, unless a mean value taken over a large 
area is used to estimate the noise, which will tend to lose the characteristics of the 
specific spectrum in question. For this reason, the original method of Hovgaard 
(1997) has been applied in this study, and has been shown to allow the 
identification of small spectral components with limited spatial extent within a 
survey area (see Section 8.6.4).
5.2.4 The effects of altitude on NASVD
The Noise Adjusted Singular Value Decomposition (NASVD) technique has been 
applied to a set of 300 simulated spectra. The spectra were generated using a 
volume source of monoenergetic gamma rays, positioned 2.5cm from the lower 
surface of the detector. A source-detector arrangement analogous to a real survey, 
such as that illustrated on Figure 4.2 was not used for this experiment, as the aim 
is to see the effects of variation in altitude, rather than the backscattering seen 
within a rock source. The effect of varying altitude has been simulated by varying 
the air pressure in the zone surrounding the detector, from 10atm to 3000atm in 
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10atm steps. This effectively simulates altitudes from 25cm to 75m in steps of 
25cm. All the simulations use monoenergetic 1.46MeV gamma rays. This set of 
spectra allows us to simulate the effects of altitude on a monoenergetic source. All 
other gamma-energies as well as the effects of absorption and scattering in the 
source have been removed.
The physical effects of altitude changes are threefold (See Figure 5.1):
1. The increasing amount of air between the source and the detector results in 
absorption of gamma rays, and a decrease in the total number of gamma 
rays entering the detector and being counted.
2. Gamma rays are also scattered in the air layer, primarily by Compton 
scattering, changing the energy distribution, with a larger Compton 
continuum and smaller photopeak.
3. Geometrical effects also play a role, at extremely low altitudes (up to a 
few metres), where the approximation of a point detector is invalid. In
simulations, the assumption of an infinite source is invalid at large 
detector-source separations. 
The NASVD technique operates by extracting a number of spectral components 
from a dataset, and in its standard use, rebuilds the data from these components 
after rejection of the components which contain only stochastic noise. NASVD 
has been applied to the data in this example, and the results obtained are shown on
Figures 5.2 and 5.3.
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Figure 5.1. Simulated spectra for altitudes 0.25m, 25m, 50m and 75m.
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Figure 5.2. NASVD Components 1-3 for 300 simulated spectra.
The features described above can be seen in Figure 5.2. Component VT1 is the 
major component, which is similar to the average spectral shape for the entire 
simulation. Component VT2 shows the effect of variable air pressure, with opposite 
signs in the Compton continuum region and the photopeak. Adding positive or 
negative multiples of this spectral component to component 1 will effectively 
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change the peak-to-Compton ratio. The higher order components contain 
stochastic noise.
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Figure 5.3. Coefficients of spectral components 1 & 2.
Figure 5.3 shows the coefficients of spectral components 1 and 2 for the entire 
simulation. Component 1 decreases sharply for the first 100 or so spectra, and 
then shows a gradual increase. Component 2 shows a steady decrease, with 
positive values at low pressures and negative values at high pressures. These 
correspond to the decrease in peak-to-Compton ratio (as would be predicted from
Figure 5.2) with increasing air pressure.
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5.2.5 An example of the application of NASVD to ultralight airborne 
survey data from the Steenkampskraal thorium and rare earth 
element mine
NASVD noise reduction has been applied to a set of measured spectra from a 
survey over the Steenkampskraal Mine and its surrounds (See Table 5.1 for 
survey parameters and Figure 5.4 for locality). The area was selected to 
investigate the response of the detector to extremely high count rates, since the ore 
at Steenkampskraal contains up to 8.8% thorium (Read et al. 2002) and to 
investigate possible migration of contamination from the mine into the 
surrounding environment. Owing to the extremely high count-rates, detector 
responses are determined not only by incoming gamma radiation, but also by 
pulse-pile-up and other electronic effects within the detector system. For this 
reason, those spectra where excessively high count rates have resulted in non-
linear behaviour in the detector and electronics have been removed from the 
dataset for this example. 
Table 5.1. Steenkampskraal radiometric survey – data acquisition parameters
Flight line spacing 200m
Tie line spacing 1000m
Altitude 50m a.g.l. (nominal)
Airspeed 160km/h (nominal)
Instrumentation  Geometrics Cs vapour magnetometer
 4.2 litre NaI(Tl) detector with 512 channel 
spectrometer (0-6MeV)
 Riedl Laser Altimeter
 Staloc Airstar GPS
The dataset used for the illustration comprises 9212 spectra, each containing 203
channels, with a channel width of 12.01keV. The energy range for the spectra is 
from 0.380-3.014MeV. This includes the major photopeaks in the natural gamma 
ray spectrum, but excludes the lower energy portion of the spectrum where 
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bremmstrahlung and backscattering dominate. The dataset comprises spectra from 
two adjacent flights, which are likely to have small differences in the energy 
calibration, allowing the identification of these differences. The geology of the 
surface area is largely granitic, which should give reasonable background count 
rates.
Inspection of the dataset indicates a feature which may create problems for any 
statistical analysis of data. Data collected over the orebody have extremely high 
count-rates. Figure 5.6 shows the total count channel data for two parallel flight 
lines from the Steenkampskraal survey. Note that the data collected over the 
anomaly contain count rates two orders of magnitude greater than those collected 
off the anomalous area.
Figure 5.4. Locality plan of the Steenkampskraal survey (see Appendix A for legend).
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Figure 5.5. Detailed locality plan of the Steenkampskraal survey, showing the position of the 
old mine (see Appendix B for legend).
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Figure 5.6. Total count rates from two parallel flight lines from the Steenkampskraal survey, 
one crossing the anomaly and the other off the anomaly. (Note that the count rates are 
plotted on a logarithmic scale.
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Description of the dataset 
The extremely large gamma-ray flux recorded in this area unfortunately exceeds 
the ability of the counting system of the spectrometer, with an apparently distorted 
spectrum being recorded and a significant amount of spectrometer dead time (See 
Section 3.3.3) being encountered. The spectrometer was therefore unable to 
correctly resolve spectra for the incoming gamma rays and the true spectral shape 
could not be recorded (Spectrum s3224 on Figure 5.7). Figure 5.7 shows the 
spectra recorded on a flight line crossing the anomalous area. It is also interesting 
to note that at the peak count rate, the spectrometer dead-time amounted to 
approximately six times the live time, i.e. the spectrometer took approximately 
seven seconds to record one second of live time.
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Figure 5.7. Three spectra from the Steenkampskraal survey. Spectra s3222 and s3226 were 
measured on either side of the anomalous zone, while spectrum s3224 was recorded directly 
over the anomalous zone. Note that the counts are plotted on a logarithmic scale.
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Results of the NASVD 
NASVD analysis has been performed on the dataset. The singular values (the 
values on the diagonal of the matrix Γ in equation 14) are shown on Figure 5.8. It 
is clear from this graph that the majority of the variance in the dataset is contained 
within the first component (the mean or total count component), with significantly 
less being seen in the higher order components. This is to be expected as these 
components explain the small deviations in spectral shape from this mean 
spectrum. 
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Figure 5.8. Singular values from the NASVD of the Steenkampskraal dataset.
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Figure 5.9. Singular values 1-10 from the NASVD of the Steenkampskraal dataset.
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Figure 5.10. Components 1-5 (from top to bottom) of the NASVD of the Steenkampskraal 
example.
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Figure 5.9 shows the first 10 singular values of the dataset, where it would be 
expected that all of the signal would be contained. It is clear that the first 2 
singular values should be used for the reconstruction of spectra, but no real 
judgement can be made regarding higher order components. Inspection of the 
model-space vectors (the rows of the matrix VT in equation 14) has therefore been 
performed to attempt to separate signal from noise for the dataset. The first 5 
model space vectors (rows of TV in equation 14) are shown on Figure 5.10. 
Again, it is not possible to unequivocally select the correct number of singular 
values for the reconstruction of the spectra by inspecting the singular values 
alone. 
Inspection of these five components allows a number of conclusions to be drawn:
 Component 1 explains most of the variance in the data set and should be 
used for reconstruction.
 Component 2 contains a signal which suggests that it will identify areas 
where the potassium concentration (1.460MeV) differs from the 
concentrations of uranium (1.764MeV) and thorium (2.614MeV). There is 
no shift in peak position between components 1 and 2 (See Figure 5.11)
 Component 3 contains a mixture of information regarding uranium (peaks 
at 0.609MeV and 1.764MeV) as well as a shift in peak positions, seen in 
the potassium and thorium channels. This shift is shown on Figure 5.12
 Component 4 contains information about a shift in peak positions. This is 
typically the result of variations in the energy calibration of the instrument, 
both within flights and between flights. This shift is shown on Figure 5.13.
 Component 5 appears to contain primarily noise
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Figure 5.11. Components 1 and 2 of the NASVD of the Steenkampskraal example. Note that 
there is no shift in channel position between the major peaks.
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Figure 5.12. Components 1 and 3 of the NASVD of the Steenkampskraal example. Note the shift 
in channel position between the major peaks.
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Figure 5.13. Components 1 and 4 of the NASVD of the Steenkampskraal example. Note the 
shift in channel position between the major peaks.
On the basis of these results, it would seem correct to reconstruct the spectra using 
either three or four components. In this example, three components have been 
used. A discussion of a means to determine the number of components is 
presented in Section 5.2.6. To illustrate the effect of the noise-reduction process, 
three spectra have been chosen from the data set, one from an area of relatively 
low total counts (spectrum 2029), one from an area of high total counts (spectrum 
4034) and one from an intermediate area (spectrum 6978). The raw and noise-
reduced spectra are shown on Figures 5.14 to 5.16. Note that these figures have 
different vertical scales.
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Figure 5.14. Spectrum 2029 from the Steenkampskraal example dataset, showing the noise 
reduction effect of NASVD.
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Figure 5.15. Spectrum 4034 from the Steenkampskraal example dataset, showing the noise 
reduction effect of NASVD.
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Figure 5.16. Spectrum 6978 from the Steenkampskraal example dataset, showing the noise 
reduction effect of NASVD.
From these examples, it is clear that the NASVD technique has achieved 
significant noise reduction on these spectra. It is also of note that the relative sizes 
of the potassium peak to the uranium and thorium peak varies significantly with 
the change in total count rate. Geologically, this is to be expected, the potassium 
coming from the local granitic rocks, while the uranium and thorium are present 
in anomalous areas, as described by Read et al. (2002).
5.2.6 Determination of p
Correct estimation of the parameter p in equation 14 is key to the success of the 
NASVD method for noise reduction. If a value which is too low is selected, 
important features of the data set may be removed, while a value which is too high 
would reintroduce unwanted noise to the data. The standard technique used to 
date has involved the visual examination of the size of the singular values and the 
shape of the components contained in TV , and attempting to find the division 
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between signal and noise. While these techniques may provide the correct answer, 
the selection of the last significant component requires experience and a good 
understanding of the underlying physics and mathematics involved in radiometric 
data. Unfortunately, a significant degree of subjectivity exists in the selection of 
these components. Two additional tools – Spectral component mapping and the 
construction of scatterplots – are suggested, both partly subjective, but providing 
additional assistance in the processing of these data. Both of these have been 
illustrated using data from the Steenkampskraal survey.
Spectral Component Mapping 
The NASVD technique divides a set of m n-channel spectra into n spectral 
components, effectively ordered by decreasing signal content, the model space, 
contained in the matrix TV . For each component in the model space, Tiv there is a 
vector iu in the data spaceU , which contains the contribution of the model space 
vector to the recorded spectrum at location i. The iu 's can therefore be mapped, to 
show the spatial distribution of areas of the contribution of model space vector i. 
This provides an additional tool for determining the correct cut-off component for 
the reconstruction of a set of spectra which will remove as much noise as possible 
from the data, without removing meaningful spectral information. Where the 
spectral components show spatial coherence, or indeed can be interpreted using a-
priori knowledge about the survey area, examination of maps of the distribution 
of the different spectral components may be used to determine the optimum cut-
off point for the spectral reconstruction. These and their spatial distributions of the 
coefficients of the first five components recorded at Steenkampskraal are 
presented on Figures 5.17 to 5.21. A grid cell size of 50m has been used for the 
gridding of these data and preparation of these images.
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Figure 5.17. Plan view of the coefficient of spectral component 1 for the Steenkampskraal 
Survey.
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Figure 5.18. Plan view of the coefficient of spectral component 2 for the Steenkampskraal 
Survey.
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Figure 5.19. Plan view of the coefficient of spectral component 3 for the Steenkampskraal 
Survey.
90
-45000 -40000 -35000 -30000 -25000
-3430000
-3429000
-3428000
-0.05
-0.03
-0.01
0.01
0.03
Figure 5.20. Plan view of the coefficient of spectral component 4 for the Steenkampskraal 
Survey.
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Figure 5.21. Plan view of the coefficient of spectral component 5 for the Steenkampskraal 
Survey.
Simple observation of these components allows one to draw the following 
conclusions:
 Components 1 and 2 contain the essence of the data set. Component 1 
mirrors the total counts (as it always will), while component 2 identifies
areas where potassium (around 1.460MeV) differs from uranium (around 
0.609 and 1.764MeV) and thorium (around 2.614MeV). This is mirrored 
on the maps of the distributions of these components, with component 1 
identifying areas of variation in total count, while component 2 identifies 
areas where potassium differs relative to thorium and uranium most likely
due to geological differences.
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 Components 3 and 4 are characteristic of NASVD components which 
come about due to small variations in the energy calibration between 
flights. Spatially, their distribution identifies the areas covered by the two 
flights which made up the data set, with a weak anomaly seen in the south-
western portion of the survey area, particularly in component 3.
 Component 5 contains noise.
Based on this interpretation, the NASVD is identifying the variability in the data 
in the first 3 components. Components 3 and 4 identify systematic noise 
introduced by a small variation in energy calibration between two flights, while 
higher order components contain noise. The dataset could therefore be 
reconstructed using the first 3 components. This result also suggests that NASVD 
could be used in an iterative fashion to improve flight to flight energy calibration 
differences in larger surveys.
Plotting total counts vs. data space vectors 
Many lithological variations cause differences in the count rates recorded in 
radiometric surveys. In cases where these variations are also identified by 
different components of the NASVD, plotting the data space vectors as a function 
of a parameter recorded in the survey could allow the identification of significant 
components. Since the total count data are independent of the NASVD, they have 
therefore been selected as an independent variable. Owing to the scaling used in 
the calculation of the NASVD, the square root of the total counts is used. Again, 
the first five components from Steenkampskraal have been used. These are shown 
on Figures 5.22 to 5.26. These figures show a clear functional relationship 
between the total counts and the spectral components for the first two 
components, a strong relationship for component 3, while components 4 and 5 
show little dependence on the total counts, except for a few data points with high 
total counts. This provides a more rigorous method for the selection of a value of 
p than the inspection of spectral components, which will inevitably introduce 
prejudice on the part of the interpreter.
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Figure 5.22. Plot of data space vector U1 as a function of the square root of the total counts 
for the Steenkampskraal survey.
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Figure 5.23. Plot of data space vector U2 as a function of the square root of the total counts 
for the Steenkampskraal survey.
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Figure 5.24. Plot of data space vector U3 as a function of the square root of the total counts 
for the Steenkampskraal survey.
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Figure 5.25. Plot of data space vector U4 as a function of the square root of the total counts 
for the Steenkampskraal survey.
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Figure 5.26. Plot of data space vector U5 as a function of the square root of the total counts 
for the Steenkampskraal survey.
5.3 Calibration of the ultralight mounted spectrometer 
5.3.1 Calibration of the ultralight spectrometer
Owing to the circumstances at the time of the development and operation of the 
spectrometer, it was not possible to use conventional means to calibrate the 
spectrometer.
1. The calibration facility at Lanseria Airport had been demolished and 
moved shortly before the development of the spectrometer. During this 
process, significant damage was done to the calibration pads, such that 
experiments using a handheld spectrometer indicated significant 
variability in the activities of the pads. The background pad was broken 
during the process of moving, and the remaining portion of the pad was 
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dumped next to a runway in such a way that the aircraft could not be 
manoeuvred over it.
2. In a conventional calibration, the altitude correction and sensitivity 
coefficients are determined based on flights over water and over an 8km 
long calibration range, with uniform radionuclide content. Despite 
attempts to locate such a site within a reasonable range of the operations 
base in Gauteng, no suitable sites could be identified. The only suitable 
site in Southern Africa remained the Henties Bay site in Namibia
(Geological Survey of Namibia 1998). The long ferry distance made this 
site unattractive for ultralight aircraft, while the windy conditions 
prevalent at the site could easily preclude any ultralight flying for long 
periods of time. Furthermore, ultralight aircraft are not generally permitted 
to fly over the sea, requiring considerable precautions to be taken. An 
attempt was made at calibrating the spectrometers at a site at the Gariep 
Dam, however the local topography did not favour the calculation of 
altitude correction coefficients, while the local ground radionuclide 
contents were not entirely homogeneous (See Section 6.6.6).
5.3.2 Requirements for a conventional calibration
The International Atomic Energy Agency (IAEA) specifies a number of 
calibration requirements for airborne gamma ray surveying (International Atomic 
Energy Agency 2003a). These requirements are summarised in Table 5.2.
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Table 5.2. Requirements for the calibration of airborne gamma-ray surveys
Requirement Availability Action taken
High altitude 
cosmic and aircraft 
background 
flights.
No suitable site over 
water was available.
The aircraft were unable 
to reach high altitudes 
over the Highveld testing 
and survey areas.
No cosmic gamma radiation 
removal was performed on the 
data.
Aircraft background was low, 
due to light weight and minimal 
instrumentation.
Ground calibration 
using radioactive 
calibration pads
No ground calibration 
pads were available.
An alternative to conventional 
calibration was developed (See 
Section 5.4).
Calibration range 
flights
No suitable calibration 
range could be located, 
within convenient range 
of the base of operations.
Data are reported as “stripped” 
count rates. 
Altitude corrections have been 
performed using an empirical 
method (See Section 5.5).
Radon background 
calibration flights
No suitable sites were 
located. The ultralight 
aircraft were unable to 
fly sufficiently high at 
Highveld altitude.
No radon corrections were
performed. In cases where flight-
to-flight radon differences were 
identified, these were corrected 
by tie-line levelling.
5.3.3 Conventional calibration
The first requirement for the conventional calibration of the airborne 
spectrometer is the determination of stripping ratios, using ground-based 
calibration sources (See Table 5.2). The conventional calibration procedure looks 
only at counts in the three standard windows, shown in Table 5.3. 
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Table 5.3. Three element channels and their defined energies for conventional gamma ray 
spectrometer calibration (International Atomic Energy Agency 1991).
Element channel Gamma emitting 
radionuclide
Gamma 
energy (MeV)
Energy range 
(MeV)
K 40K 1.460 1.370-1.570
U 214Bi 1.764 1.660-1.860
Th 208Tl 2.614 2.410-2.810
In general, four sources also referred to as calibration pads are used, three
containing a high concentration of each of the radioelements, in the near absence 
of the other two elements and the fourth containing as little of the three 
radioelements as possible for the measurement of background radiation. 
Calibration pads should be as close to pure sources of K, U and Th as possible, 
with sufficiently high K, U and Th concentrations to give count rates that will 
allow the accumulation of a large number of counts in a relatively short time. 
Concentrations should however not be so high as to result in pulse pile-up and 
non-linear behaviour in the detector electronics. A background pad is required to 
determine the local background, to be subtracted from the counts recorded over 
the calibration pads.
The International Atomic Energy Agency (2003a) describes the procedure as 
follows:
The count rate in any channel is given by: 
iBGThiThUiUKiKi ncscscsn  19
where in is the count rate in the i-th energy 
window (i = 1,2,3) 
ijs is the sensitivity of the spectrometer to the j-th element in the i-th 
energy window
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jc is the concentration of the j-th element in the source
iBGn is the background count rate in the i-th energy window
Obviously, this equation could be generalised to any number of elements and 
channels, but in the case of a conventional spectrometer calibration, it is limited to 
three channels and three elements (K, U and Th). In the case of a spectrometer 
calibration, it is common practice to subtract the background count-rates, recorded 
over a background source from the count rates recorded over the other sources and 
to subtract the known K, U and Th concentrations from those in the K, U and Th 
sources. Since the background pad is constructed to have negligible radionuclide 
concentrations, this can be done without significantly affecting the outcome of the 
calibration. Equation 19 can now be written, for all three calibration sources, after 
background correction, in matrix notation as: 
SCN  20
where N is a 3x3 matrix of background corrected 
count rates
S is a 3x3 matrix of sensitivities (the ijs -s)
C is a 3x3 matrix of “background corrected” concentrations of K,U and 
Th in the three calibration pads. 
Since the count rates can be measured and, for the calibration pads, the 
concentrations of K, U and Th are known, the sensitivity matrix can be calculated 
as 
1NCS  21
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The stripping ratios generally used for the calculation of radioelement 
concentrations from airborne radiometric data are defined as follows:
 α is the Th into U stripping ratio i.e. the ratio of counts detected in the U 
window to those detected in the Th window for a pure thorium source.
 β is the Th into K stripping ratio i.e. the ratio of counts detected in the K 
window to those detected in the Th window for a pure thorium source.
 γ is the U into K stripping ratio i.e. the ratio of counts detected in the K 
window to those detected in the U window for a pure uranium source.
 a is the U into Th stripping ratio i.e. the ratio of counts detected in the Th 
window to those detected in the U window for a pure uranium source.
 b is the K into Th stripping ratio i.e. the ratio of counts detected in the Th 
window to those detected in the K window for a pure potassium source.
 g is the K into U stripping ratio i.e. the ratio of counts detected in the U 
window to those detected in the K window for a pure potassium.
Since the sensitivities in the matrix S in equation 20 are merely the response of 
each spectrometer channel to a unit concentration of each radionuclide, the 
stripping ratios can be calculated from the elements of this matrix, jis , - the 
sensitivity to element j in energy window i, as follows: 
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Where the Si,js represents the counts detected in window i over a pure j source.
The stripping ratios can then be used to determine “stripped” count rates from 
measured count rates. A “stripped” count rate in any of the energy windows is the 
count rate in that window due to the radioelement of interest for that window, i.e.
the count rate with the interfering effects of the other two elements removed. The 
stripped count rates are given by: 
a
annn UThcorrTh 


1)(
28


a
nnn ThUcorrU 


1)(
29
)()()( corrUcorrThKcorrK nnnn   30
Although no standard calibration pads were available for the calibration of the 
ultralight detector, three small sources were located at the Council for Geoscience. 
These were metal cylinders containing radioactive material (See Figure 5.27), 
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which had been constructed during the uranium boom years of the 1960s and 
1970s to check calibration integrity on a day to day basis during surveying. These 
were deemed to be far from ideal for calibration, being too small to approximate a 
near infinite geometry (Grasty et al. 1991) and the radionuclide activities are 
unacceptably high (Lovborg et al. 1978). 
Figure 5.27. Small uranium source used to estimate stripping coefficients.
The International Atomic Energy Agency (2003a) has published typical values for 
16.8 litre detector packs in good condition and in a poor condition. These are 
presented on Table 5.4, along with values produced using the Monte Carlo 
methods described in Chapter 4 for 4.2 litre and 16.8 litre detectors and values for 
a 16.8 litre detector (excluding b and g), determined as part of a routine survey 
pers. comm.. S Niccol).
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Table 5.4. Comparison of real and simulated stripping ratios
Stripping 
ratio
Acceptable 
16.8 litre 
detector
Poor 16.8 
litre 
detector
Simulated 
4.2 litre
detector
Simulated 
16.8 litre
detector
Real 16.8 
litre
detector
 0.25 0.38 0.218 0.149 0.247
 0.40 0.43 0.350 0.256 0.332
 0.81 0.92 1.010 0.897 0.749
a 0.06 0.09 0.046 0.050 0.052
b 0 0.01 0.000 0.000
g 0.003 0.06 0.000 0.000
It is important to note that the primary stripping ratios, α, β and γ for the smaller 
detector are significantly different in the simulated study, indicating that the 
values recommended by the IAEA are only applicable to a standard 16.8 litre
detector pack.
5.3.4 Determination of uncertainties in conventionally processed data
The largest source of uncertainty in radiometric measurements comes from the 
Poisson distributed noise inherent in the measurements. It is important to note that 
this noise is a function of the measurement itself and that noise is propagated 
through calculations performed on noisy quantities. Subtraction, in particular 
tends to enhance noise, as the uncertainties in quantities subtracted from one 
another are added. The subtraction of one noisy quantity from another can easily 
produce a small number with a very large uncertainty. In the case of stripping 
calculations, this may be the case.
The IAEA (2003a) gives an expression for the standard deviation of a function of 
two variables with known standard deviations as:
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Equation 31 can be used to calculate the uncertainty in stripped count rates as 
given in equations 28 to 30, as follows:
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Using typical count rates and background count rates for a 33.6 litre detector 
operating at an altitude of 100m above ground level over average crustal material 
(2% K, 2.5ppm eU and 9ppm eTh) given by IAEA (2003a), for reference, 
calculating the likely values for a 16.8 litre and a 4.2 litre detector by dividing 
these count rates by 2 and 4 respectively and using the stripping ratios presented 
in Table 5.4, unstripped and stripped count rates and their associated uncertainties 
can be calculated. These are presented on Table 5.5.
Table 5.5. Stripped and unstripped count rates for 33.6 litre, 16.8 litre and 4.2 litre detectors, 
for average crustal concentrations of K, U and Th, with the spectrometer at an altitude of 
100m above ground
Detector Volume 33.6 litre 16.8 litre 4.2 litre
K 212.1  15.9 (8%) 106.1  11.3 (11%) 26.5  5.6 (21%)
U 30.3  8.1 (27%) 15.2  5.8 (38%) 3.8  2.9 (76%)
U
ns
tr
ip
pe
d
Th 45.5  7.3 (16%) 22.8  5.2 (23%) 5.7  2.6 (45%)
K 169.4  19.9 (12%) 84.7  13.3 (16%) 20.5  6.5 (32%)
U 19.2  14.2 (74%) 9.6  8.2 (86%) 1.4  3.8 (265%)
St
ri
pp
ed
Th 44.3  7.7 (17%) 22.2  5.3 (24%) 5.6  2.7 (48%)
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Note that for the 4.2 litre detector the uncertainties in stripped count rates are all 
extremely high, in particular the value for uranium. The relatively high values for 
uranium, for any of the detectors come about due to: 
 Relatively low count rates in the uranium channel, compared to potassium.
 A large background count rate due to atmospheric radon and other sources 
has been subtracted from the raw count rate. This does not affect the value 
of 
Un
 , as it is calculated based on a long period of accumulation of 
counts, but reduces the value of Un , thereby significantly increasing the 
noise component of the measurement.
 A relatively large stripping ratio   , compared to the stripping ratio used 
in the calculation of stripped thorium counts. In the case of the 4.2 litre
detector, the value of  is larger than for the 16.8 litre and 33.6 litre
detectors2, resulting in the 265% uncertainty calculated for uranium using 
this detector. It should be remembered that this figure represents the 
uncertainty before the application of any noise reduction algorithms.
2 The stripping ratios for 16.8 litre and 33.6 litre detectors are the same, as a 33.6 litre detector 
system simply consists of two 16.8 litre detector packs.
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Figure 5.28. Uncertainties in the calculated concentration of uranium for 4.2 litre, 16.8 litre
and 33.6 litre detectors (K and Th concentrations constant).
Figure 5.28 shows the calculated uncertainties in the calculated uranium 
concentration as a function of uranium concentration, maintaining constant 
potassium and thorium concentrations, at the crustal average values given above. 
This situation of elevated uranium concentration, with relatively constant 
potassium and thorium concentrations is of particular interest for this study, as it 
approximates the conditions found in the waste dumps and pollution plumes 
around Witwatersrand gold mines (discussed in more detail in Chapter 7). This 
graph shows that the uncertainty decreases rapidly with increasing uranium 
concentration.
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These sources of uncertainty cannot be controlled, as they are inherent to the 
measurement of radiation and the calculation used to “strip” the counts due 
primarily to thorium from those recorded in the uranium channel. The following 
steps can however be taken to improve counting statistics for the ultralight 
detector:
 It is possible to operate the ultralight aircraft at lower flying height and 
lower ground speed than a conventional aircraft. The lower flying height 
results in higher count rates, with a consequent apparent improvement in 
signal to noise ratio. The lower ground speed does not, in itself, improve 
signal to noise ratio on a single one second measurement. It does however 
mean that the aircraft will spend a longer period recording counts from a 
specific source, which will improve the eventual resolution of a survey, 
particularly when noise reduction is applied.
 The application of a noise reduction method such as NASVD allows the 
separation of Poisson distributed noise from the “signal” before stripping 
calculations are applied. Although the inclusion of higher order spectral 
components does honour the variability in shape between spectra, the 
technique can be seen as an averaging filter, allowing the signal to be 
reconstructed from spectra recorded throughout an entire survey flight or 
more, typically including thousands to tens of thousands of spectra. The 
noise calculation could therefore be seen to be operating over these 
thousands of spectra, with the obvious improvement in signal to noise 
ratio.
 The large uncertainties in individual measurements can and often do 
produce negative stripped count rates, when the background and stripping 
corrections are performed. With small detectors, this problem is 
particularly common. For this reason and because of the unavailability of 
useable calibration sources at the time of this study, an alternative 
approach to stripping is proposed (See Section 5.4). This method does not 
get away from the error propagation brought about by the subtraction in 
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the stripping calculation, relying on the subtraction of an empirical 
estimate of the Compton continuum below the photopeaks for K, U and 
Th.
5.4 Multichannel calibration 
5.4.1 Continuum removal
The spectrum measured using an NaI(Tl) detector displays a number of 
characteristics that need to be taken into account when designing an algorithm for 
the analysis of peak shapes. The shape of the recorded photopeak and associated 
continuum due to a monoenergetic gamma ray results from energy broadening in 
the detector, which has an essentially Gaussian nature, backscattering between the 
source and the detector, which produces a continuum at energies below the full 
photopeak energy, bremsstrahlung losses and escaping photoelectrons. These give 
rise to a Gaussian peak, superimposed onto a pulse continuum from zero to full 
energy (Debertin and Helmer 1988). In real spectra, the peak shape is further 
complicated by the fact that spectra contain a number of partially overlapping 
peaks, with their associated continua. The shape of a peak in a spectrum is 
therefore described by:
)()()( ifiGiN  35
Where: G(i) is the Gaussian function describing 
the peak.
f(i) is some function which describes the underlying continuum or 
background. 
Owing to the complexity of the peak shape (see Table 5.6), an approximation to 
the continuum may be applied. The continuum immediately below a photopeak 
may be estimated by a straight line, passing through the lows on either side of the 
Gaussian peak, which is removed from the peak, given by: 
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CiBiGiN  )()( 36
where B and C are constants describing the background (Mariscotti 1967). Using 
this linear approximation, the search for the location of the peak centroid may be 
simplified to a search for the centroid of the second derivative of the spectrum in 
the vicinity of a peak, since the second derivative of the linear portion of equation
36, CiB  , is zero. Real spectra represent a discrete, function of channel number 
i, and can therefore be described by:
 
i
ii
i CiBAeN 
 20
22 37
where: A represents the intensity of a peak 
centered on channel 0i
B and C are the same as the values in equation 36
i represents the noise in each channel
The parameter  describes the peak width, and is related to the full width at half-
maximum (FWHM),  , by 
 355.22ln8  38
In practice, the effect of this noise may be minimised by using spectra containing 
sufficient counts that the noise is negligible. Debertin and Helmer (1988) list a 
number of more complex functions describing the spectral background. These are 
presented in Table 5.6.
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Table 5.6. Spectral background functions listed by Debertin and Helmer (1988). x = channel 
number, yi = net counts in channel i, X = centre of the peak (in channels),  FWHM, =
Gaussian width parameter, P1, P2 = parameters to be fitted to experimental data
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While these functions may be fitted to high count-rate data collected in the 
laboratory, using high-resolution semiconductor detectors, the poor resolution of 
scintillation detectors and the degree of noise in field data, even when smoothed 
using a technique such as NASVD, makes it impractical to consider these more 
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complex formulae for the spectral background. Equation 36 therefore provides a
practicable mechanism to separate a photopeak from the continuum. 
This is effectively the same operation as stripping as described in Section 5.3.3. 
The conventional stripping process aims to separate the photofraction from the 
continuum, using a model of the spectrometer response determined from 
calibration pads. The high largely noise-free spectra produced using NASVD may 
however permit the direct separation of the peaks from the continuum in a single 
spectrum, allowing the calculation of stripped count-rates directly from survey 
data, without the use of standard spectra calculated on calibration pads. This has 
the following advantages for ultralight and other surveys:
1. Calibration will be limited to calculation of sensitivities, which can be 
performed without the need for expensive calibration pads and calibration 
facilities.
2. The finite size of calibration pads introduces uncertainty into any 
calibration, as build-up (the component of radiation emitted from the 
ground from areas not directly below the detector and backscattered by the 
atmosphere into the detector) tends to be underestimated. This will be 
avoided using this approach.
3. Uncertainties in the concentration and activities of calibration pads are 
avoided. The problems of storage, prevention of moisture ingress etc. 
(Lovborg et al. 1978) are also eliminated.
4. The altitude correction factors for stripping ratios are not used, eliminating 
an additional source of uncertainty. In the light of the concept of
equivalent altitude, described by Minty et al (1998), the idea of an 
"altitude" is broadened to include the effects of variations in the amount of 
scattering in the ground due to variations in material density, moisture etc.
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5. From a practical point of view, continuum removal provides significant 
advantages in terms of cost-cutting and mobilisation, given that ultralight
aircraft are not able to fly long distances between survey areas and 
calibration facilities.
Given the poor signal to noise ratio of most airborne spectra, it will be necessary
to smooth spectra before peak and continuum fitting operations. Mariscotti (1967)
recommends the use of a top hat shaped filter, approximately the same width as 
the FWHM of the peak being fitted. Such filters remove high frequency noise in 
the spectra, but also result in a broadening of the peaks, which can lead to a poor 
fit to the continuum. In practice, it has been found that the noise reduction effect 
of NASVD provides sufficiently smooth spectra to allow continuum removal to 
be applied.
Separation of the symmetrical and assymetrical components of a spectral peak 
An alternative approach to the separation of the Gaussian from the non-Gaussian 
components of a spectral peak is to look at the two as symmetric and a non-
symmetric components of the spectrum. The symmetric and asymmetric 
components of the spectrum are given by: 
2
Sym 11   Cci
SSS 47
and
2
Asym 11   Cci
SSS 48
where the peak is centred on channel c and i varies from negative to positive 
across the peak. Figure [cap:Raw-spectrum,-symmetrical] shows the results of the 
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separation of the portion of a spectrum covering a peak into its symmetrical and 
asymmetrical components. 
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Figure 5.29. Raw spectrum, symmetrical and asymmetrical components for a uranium 
channel (1.764MeV) peak from a low-count spectrum (NASVD smoothed).
A drawback of this method is that it requires a precise knowledge of the peak 
centre. Furthermore, since the continuum is not centred about zero, the symmetric 
component must be shifted downwards to give it a zero baseline if this method is 
to be utilised to calculate the stripped count rate. An incorrect choice of peak 
centre can however easily be identified from the calculated components.
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Figure 5.30. Asymmetric components for the peak shown in Figure 5.29, calculated using 
channels 154 to 160 as peak centres. The component calculated for the true peak centre 
(Channel 157) is shown in bold.
Figure 5.30 shows the asymmetric components calculated for the spectrum used to 
illustrate the application of this method on Figure 5.29, using the formula given in 
Equation 48, using channels 154 to 160 as peak centres. Using channel 157, the 
closest approximation to a straight line is obtained, suggesting that this is the 
correct position for the peak centre. The corresponding family of symmetric 
components is shown on Figure 5.31.
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Figure 5.31. Symmetric components for the peak shown in Figure 5.29, calculated using 
channels 154 to 160 as peak centres. The component calculated for the true peak centre 
(Channel 157) is shown in bold.
Assuming that the energy drift of the spectrometer is either negligible or that it 
has been compensated for; these methods provide a tool to identify the peak 
widths and centres on a mean spectrum for a survey. These values can then be 
used to separate the photopeaks from their associated continua as follows:
1. The approximate position of the peak centre is identified visually.
2. A family of asymmetric components are calculated, assuming peak 
positions around the initial estimate.
3. The peak centre is identified from these curves. 
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Application of continuum removal 
The methods described above can therefore be viewed as a toolkit, enabling the 
separation of photopeaks from the continuum component of a measured gamma-
ray spectrum. Two stages are required for the successful calculation of the 
photopeak counts, which are equivalent to the stripped count rates used in 
conventional calibrations:
1. Measured spectra contain a significant component of noise. This must be 
removed to allow the identification of peaks. This will generally be 
performed using a noise reduction technique such as NASVD. 
2. The Photopeak and the continuum need to be separated. Two methods 
have been identified:
a. A number of analytical expressions exist for the Gaussian and non-
Gaussian components of a gamma ray spectrum (see Table 5.6). A 
simple linear function as defined in Equation 36 is proposed as 
adequate for most purposes, particularly as the poor energy 
resolution obtained with scintillation detectors does not typically 
allow the fitting of more complex functions.
b. A photopeak and continuum may be separated into its symmetrical 
and asymmetrical components. The example shown on Figure 5.29
shows that the combination of a Gaussian peak and a linear 
continuum is probably an adequate description of a typical 
photopeak.
For the purposes of this study, the first method has been applied, using 
an automated routine to locate photopeak limits and a linear fit 
between the points at the limits of the photopeak to define the 
continuum. This continuum is then subtracted from the spectrum, 
leaving the photopeak, as shown on Figure 5.32.
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Figure 5.32. Separation of a portion of a gamma ray spectrum into a photopeak and a 
continuum, using a linear fit to the minima of the photopeak. The area marked in red will be 
determined, giving the continuum-removed countrate.
5.4.2 Continuum removal on NASVD-smoothed spectra
The estimation of the continuum underlying a photopeak, and its subsequent
removal, to leave the photopeak, i.e. the stripped counts, may be complicated by 
two factors. The first is noise, which makes it difficult to locate points on the 
continuum in order to estimate it. This factor is however largely removed using 
NASVD smoothing of spectra, although there may be some loss of signal in this 
process. The second factor is that of overlapping peaks. The peaks used for 
conventional radiometric data analysis are however sufficiently separated from 
one another, that this should not necessarily be a problem, except in cases where 
the 0.609MeV peak due to 214Bi is contaminated with anthropogenic 137Cs.
A set of 999 spectra have been simulated using the methods described in Chapter 
4, with a simulated altitude of 10m above ground level The first three spectra in 
the group used large concentrations of K, U and Th respectively, producing a set 
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of calibration spectra. The remaining spectra have random K, U and Th 
concentrations, to allow for assessment of the method. For each radionuclide, the 
concentrations have been compared to the "true" concentrations used to set up the 
simulations. Figures 5.33 to 5.35 show the results of this experiment for spectra 
100-200 in the simulation. Figure 5.36 shows the same dataset as scatterplots. 
Note the good correlation coefficients obtained for both methods, as well as the 
close similarity between the results obtained. The RMS mean errors, calculated as 
the root-mean-square of the differences between the calculated concentrations and 
the concentrations input into the simulation model, for the 996 "non-calibration" 
spectra are presented in Table 5.7.
Table 5.7. Comparison of the RMS mean error for the conventional (with NASVD) and 
continuum removal methods of calculating K, U and Th concentrations from simulated 
gamma ray spectra
Channel RMS mean error, using 
Conventional stripping
RMS mean error, using 
photopeak-continuum 
separation
K 0.204% K2O 0.275% K2O
U 0.714ppm U3O8 0.950ppm U3O8
Th 2.82ppm ThO2 1.92ppm ThO2
It can be clearly seen from these graphs and from the calculated errors in 
potassium, uranium and thorium concentrations that continuum removal offers a 
viable alternative to conventional calibration and can be employed in cases where 
conventional calibration facilities are not available. These results also show noise 
reduction effect which can be obtained using NASVD, compared to the 
uncertainties presented for non-NASVD-processed spectra in Section 5.3.4.
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Figure 5.33. Comparison of (a) conventionally calculated K concentrations (with NASVD) and 
(b) K concentrations determined by continuum removal with true concentrations.
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Figure 5.34. Comparison of (a) conventionally calculated U concentrations (with NASVD) and 
(b) U concentrations determined by continuum removal with true concentrations.
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Figure 5.35. Comparison of (a) conventionally calculated Th concentrations (with NASVD) and 
(b) Th concentrations determined by continuum removal with true concentrations.
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Figure 5.36. Scatterplots comparing conventional calibration to continuum removal, using 
simulated spectra with known input concentrations of K, U and Th.
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5.4.3 Sensitivity calibration.
The stripped counts calculated by either the conventional or continuum removal 
method can now be used to calculate radioelement concentrations, using 
sensitivity factors calculated by flying over a test strip with known radioelement 
concentrations. In practice, this strip should be close to a large body of water, to 
allow the measurement of a local background, since a layer of water deeper than 
about 1.5m will completely attenuate gamma rays from the ground. There is 
significant debate about the suitability of different sites for calibration flying. The 
major questions asked are:
 Is the body of water used for the flights large enough to allow the 
measurement of a true background?
 Is the contribution of radon over the water body significant, and if so, what 
are the optimal times of the day, seasons or atmospheric conditions under
which to fly?
 Is the area covered by the calibration run suitably homogeneous, and will 
the radionuclide concentrations present in the ground provide adequate 
counting statistics for the calibration.
Unfortunately, no suitable site could be identified for the calibration of the 
ultralight systems during the course of this project. The Namibian Geological 
Survey’s site at Henties Bay (Geological Survey of Namibia 1998), is beyond the 
effective range of the ultralight aircraft, based in Gauteng, while a site identified 
at Gariep Dam (See Section 6.6.6) was found not to be satisfactory for airborne 
calibration. For this reason, airborne data presented in this study will be presented 
as stripped countrates. If necessary, back calibration could be applied on a survey 
by survey basis, to allow the determination of ground activities or concentrations 
(International Atomic Energy Agency 2003a).
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5.5 Altitude Correction 
As explained in Section 3.3.4, no suitable calibration range could be located for 
sensitivity calibration. Since the same range is generally used for the 
determination of altitude correction coefficients, a conventional altitude correction 
was not possible on data collected with the ultralight system.
Braginskaya and Zubov (1998) present an empirical method for the removal of 
altitude effects from radiometric survey data. This method is based on the 
assumption that ground radioactivity levels are spatially uncorrelated with the 
aircraft’s flying altitude. If this is the case, it is then possible to divide the data set 
into sets of measurements collected at similar altitudes (typically bins spaced at 
10m intervals) and calculate the mean value for each set. These mean values per 
bin are then normalised to the mean of the entire survey and the normalising 
factors applied to all of the individual measurements within that bin. Figures 5.37
to 5.39 show the application of this method to uranium channel data collected 
using a 16.8 litre detector system, where conventional altitude correction 
coefficients were available. It is interesting to note that the method actually 
outperforms the conventional altitude correction method, providing a dataset 
essentially free of altitude effects, while the conventional altitude correction 
introduces significant artefacts into the data.
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Figure 5.37. Uncorrected radiometric data .
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Figure 5.38. Data corrected using a conventional altitude correction. Note that although the 
data appear smoother, broad anomalies have been introduced in the north-south trend of the 
flight lines.
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Figure 5.39. Data corrected using the empirical altitude correction method (Braginskaya and 
Zubov 1998).
5.6 Radon correction 
During the test surveys flown using the ultralight aircraft in this study, no obvious 
problems related to atmospheric radon were encountered. Given that radon 
problems in airborne geophysical surveys usually manifest themselves due to day 
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to day variations in the atmospheric radon concentrations, the optimal operational 
use of the ultralight systems, which is small surveys, typically comprising one 
flight of less than 3 hours duration, radon is less likely to be a problem for the 
ultralight. 
Given the low countrates recorded in the spectra collected using the ultralight, the 
spectral methods which have been proposed for radon correction (Minty et al. 
1998; Minty 1992) are unlikely to be effective, as no clearly discernible radon 
components were identified in any of the spectral processing undertaken. These 
methods could, however be implemented aggregating counts using multiple 
measurements, although the first requirement described by Minty (1992) may not 
be practicable using the ultralight systems. Furthermore, no suitably large body of 
water has been identified for the collection of radon background data within South 
Africa and ultralight aircraft are not permitted to operate over the sea.
The following methods are therefore proposed for the removal of radon effects 
from ultralight data, should this prove necessary:
1. Where radon effects have developed as a function of time, tie-line 
levelling of surveys should reduce uranium data to a common datum.
2. A test line could be flown at the beginning and end of each flight, although 
the recommended distance of 8km (International Atomic Energy Agency 
2003a) could significantly reduce total flying distance, given that this 
could consume up to 10% of the total survey mileage. Where possible, 
however, a portion of the ferry flight between the airfield used as a base of 
operations and the survey area could be used for this.
In the test survey data presented in this study, no radon corrections were deemed 
necessary and no corrections were applied.
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5.7 Calibration for radiation protection applications 
5.7.1 Radiation sources and units of measurement
The radiation protection community have a set of specific questions regarding 
airborne gamma ray spectrometery, as well as a number of specific calibration 
requirements. These include:
 What do anomalies due to human activities involving naturally occurring 
radioactive material (NORM) mean, and how can these be interpreted?
 What contribution can radiometric surveying make to site contaminated 
with NORM materials, elevated due to human activities?
 Can airborne gamma ray spectrometry be used for the detection of 
anthropogenic nuclides?
 What is the accuracy to which the ground concentration of radionuclides 
can be determined, i.e. What are the detection limits for various 
radionuclides?
 What is the response to small sources?
These questions do not have simple answers, if we consider the basis of the 
calibration of an airborne spectrometer. Traditionally, calibration relies on the 
assumptions that the source being investigated is homogenous and effectively 
infinite and that the uranium and thorium decay series are in secular equilibrium. 
In most radiation protection applications and indeed in many natural cases, neither 
of these assumptions is valid. This section investigates strategies to accommodate
these concerns.
It is common practice to express the public health implications of radioactivity in 
terms of risk, using the formal terminology of risk assessment. It is important to 
distinguish between hazard, or the potential for harm to occur and risk, the
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product of the degree of harm and the probability that harm will occur. While the 
degree of hazard depends only on the source term, the risk depends on the source, 
the receptor and the pathway connecting them. In general, airborne radiometric 
surveying determines only the strength of the source term, although surface water-
or wind-borne pathways may be identified, where they show contamination at 
levels significantly above the local background (see Figure 5.40).
A potential area of confusion is the choice of units for the expression of 
radioactivity. In geophysical applications, radiometric results have historically 
been expressed in terms of the concentration of potassium, usually as a percentage 
of the oxide, and the equivalent concentration of uranium and thorium (eU3O8 and 
eThO2), in parts per million of their respective oxides. These equivalent 
concentrations are defined as the concentration of the parent element (U or Th) in 
secular equilibrium with the gamma-emitting daughter (214Bi or 208Tl) which 
would produce the observed gamma-ray flux. Total count data are also often 
reported in terms of the uranium concentration which would produce the observed 
total count rate if all of the radioactivity recorded came from the 238U decay series 
in secular equilibrium. These units can however be extremely misleading where 
the radiation dose to human or ecological receptors need to be determined. The 
units used for the expression of radiation are presented on Table 5.8.
Table 5.8. SI derived quantities and units of radioactivity (International Atomic Energy 
Agency 2003a)
Quantity Symbol Unit Use
Activity A Becquerel (Bq) Radioactivity of objects
Specific activity a Becquerel per 
kilogram (Bq/kg)
Radioactivity per unit 
mass
Activity 
concentration
cA Becquerel per cubic 
metre
Radioactivity of gases and 
liquids
Surface activity aS Becquerel per 
square metre
Radioactivity of unit area
Exposure X Coulomb per Ionising effect of X and
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Quantity Symbol Unit Use
kilogram gamma rays in air
Exposure rate X’ Ampere per 
kilogram
Exposure per unit time
Dose D Gray (Gy) Absorbed dose
Dose rate D’ Gray per second 
(Gy/s)
Gamma radiation field
Dose equivalent H Sievert (Sv) Biological effect of 
radiation
Photon dose 
equivalent rate
H’x Sievert per second 
(Sv/s)
Dose equivalent per unit 
time
Equivalent dose HT Sievert (Sv) Biological effect of 
radiation
Effective dose E Sievert (Sv) Biological effect of 
radiation on humans
The geochemical quantities commonly used in geophysical surveying may be 
converted to specific activity units using the constants given in Equations 49 to 51
(International Atomic Energy Agency 2003a).
1% K in rock = 313 Bq/kg 40K 49
1ppm U in rock = 12.35 Bq/kg 238U 50
1ppm Th in rock = 4.06 Bq/kg 232Th 51
It is also possible to convert the calculated concentrations of K, U and Th to dose 
rates, using the constants given in Table 5.9.
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Table 5.9. Theoretical gamma ray dose rates 1m above a flat, infinite, homogenous surface 
due to naturally occurring radioelements, assuming secular equilibrium in the U and Th 
decay series (International Atomic Energy Agency 2003a)
Radioelement concentrations Dose rate (nGy/h)
1 % K 13.078
1 ppm U 5.675
1 ppm Th 2.494
In practice, it is possible to use known concentrations of K, U and Th to calculate 
dose rates. These can in turn be used to determine a calibration constant for the 
total count channel of a spectrometer to calculate dose rates, using these constants, 
although a number of assumptions, most notably the presence of an infinite, flat, 
homogenous surface and secular equilibrium are required. Maps of dose rates can 
then be produced using the total count data which have a better signal to noise 
ratio than the individual radioelement channels.
5.7.2 Naturally elevated concentrations of naturally occurring 
radionuclides
Naturally occurring radionuclides are a specific public health concern, as they 
may lead to increased levels of certain diseases in the general public, in particular 
certain cancers. It is generally difficult to separate these effects from other health 
influences within a community, although some studies, for example that of Toens 
et al. (1999), have identified links between naturally elevated concentrations of 
NORM nuclides and health effects.
In general, geological features which are likely to have an impact on public health 
will be detectable using airborne radiometric surveys, particularly where these 
anomalies have a regional character. An example of such a regional radiometric 
anomaly, resulting from elevated radionuclide contents in rocks, found in the 
Namaqualand Metamorphic Province is presented by Andreoli et al., (2006). 
Within the area covered by this study, a number of sites have been identified 
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(Department of Water Affairs and Forestry 2005) where radioactivity levels in 
groundwater exceed health guidelines.
The mechanisms by which elevated radionuclide contents in rocks and soils can 
pose a public health risk include:
 Direct exposure to gamma radiation emanating from rocks and soils
 Contamination of ground and surface water by leaching of radionuclides 
from the surrounding material
 The generation of airborne dust which can be either inhaled or ingested
 The decay of radium to radon, and the inhalation of radon and its long-
lived daughter radionuclides (See Figure 2.1)
In the case of direct gamma exposure rate, a value can be calculated for the 
gamma ray dose rate, using the relationships presented in Section 5.7.1. In areas 
of low topographic relief underlain by relatively unweathered material, the 
assumptions required to convert airborne radiometric measurements to dose rates
may be met. In most cases, the doses determined using these methods will, at best, 
be an approximation, requiring more detailed follow-up. This limitation should, 
however be seen in the light of the ability of the airborne radiometric method to 
provide rapid, complete coverage of large areas, allowing the identification of 
potentially hazardous areas the approximate quantification of the radiation dose 
rates. In contrast, ground-based techniques are practically unable to completely 
cover large areas of ground.
In the other cases, the pathway between ground-based gamma ray intensity and 
contamination of a human or ecological receptor is complex and can generally not 
be resolved using a simple aircraft-based measurement. In such cases, the value of 
airborne gamma ray surveying is therefore limited to the ability to provide rapid, 
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full coverage of an area and the ability to identify sources of anomalous 
radioactivity, where elevated environmental doses may be expected.
5.7.3 Anthropogenically elevated concentrations of naturally 
occurring radionuclides
A number of human activities can be identified which result in the local 
concentration of naturally occurring radionuclides. These include:
 Mining of uranium or uranium bearing ores: In the South African context, 
the major mining activity for uranium and uranium-rich ores has been in 
the Witwatersrand, where uranium is concentrated in the gold ores, in 
some cases to economic concentrations. Radioactive ores have also been 
mined at Steenkampskraal, Phalaborwa, at a few trial uranium mining sites 
in the Karoo and in small deposits such as the Pegmatites in the Steinkopf 
area.
 The processing of radioactive ores, including Witwatersrand gold ores, 
ores from carbonatite complexes and heavy mineral sands.
 Fertiliser production and usage: The rock phosphate feed for the fertiliser 
industry often contains thorium and uranium. Fertiliser plant tailings and 
other wastes can contain significant radionuclide contents, while the use of 
fertilisers may produce a signature which is detectable using airborne 
radiometric instruments.
Uranium mining and the mining of uranium-bearing ores in the Witwatersrand 
Airborne radiometric anomalies have been detected in the vicinity of 
Witwatersrand mining operations since the first airborne surveys were flown in 
these areas in the 1950s. Since 1991, high resolution radiometric data have been 
collected over Witwatersrand gold mines, with some data collection having been 
undertaken using the ultralight system. 
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Figure 5.40. Total-count radiometric image of a portion of the Wonderfonteinspruit 
catchment, over a Landsat ETM+ Band 8 Image background. Red areas indicate elevated 
radioactivity levels. Note the elevated radioactivity in the wetlands downstream of mining 
areas (Coetzee et al. 2006). Note that the colour scale has been truncated at 2000 counts per 
second. Extreme values recorded over wastes related to abandoned uranium plants may be 
an order of magnitude higher.
Figure 5.40 shows a typical total-count radiometric image (using a 16.8l detector 
system connected to a 256-channel spectrometer) covering a mining area. As 
would be expected, the tailings dams and waste-rock dumps are marked with 
significant positive anomalies. The particular concern identified in this survey was 
the contamination within urban areas (see the town of Randfontein in the top left 
corner of the image) and the contamination of wetlands downstream of the mining 
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activities. Follow-up investigations of the contaminated river system shown in this 
image (Wade et al. 2002; Coetzee et al. 2006; Coetzee, Wade et al. 2002) have 
shown that the contamination of river sediments is not only by the mechanical 
transport of tailings into the stream, but also by precipitation of dissolved 
radionuclides in the stream, wetland and dam sediments, and that uranium is the 
most hazardous element found in solution in this stream to people drinking 
unpurified river water. Coetzee et al. (2005) have found that the uranium 
concentrations in wetland sediments downstream of Witwatersrand mining 
activities often exceed those found in the ores originally mined.
In addition to water-borne contamination, mine sand and waste rock have been 
used as construction material throughout the Witwatersrand area. This has 
resulted in urban areas becoming contaminated with radioactive material. The 
urban area of Randfontein (see Figure 5.40) shows a contamination pattern typical 
of this practice.
A serious limitation to the use of any radiometric system for this type of surveying 
is the problem of secular disequilibrium. In many mining environments, including 
the Witwatersrand, oxidation of sulphides in the ores and wastes leads to the 
formation of sulphuric acid which is able to leach waste materials, dissolving 
most metallic contaminants. This and the subsequent precipitation of these metals 
downstream will lead to local variations in the concentrations of the different 
radionuclides in a decay series relative to one another i.e. secular disequilibrium. 
This may be further complicated by the loss of radon from the system. The 
anomalies recorded can therefore not be regarded to be uranium anomalies, 
arising rather from the portion of the decay series below 226Ra. The loss of 
gaseous 222Rn from the system may also lead to an underestimation of the specific 
activity of 226Ra. The disequilibrium between uranium and radium is likely to be 
unpredictable; with uranium concentrations below XRF detection limits (typically 
around 1-2ppm) having been measured on tailings samples from the East Rand 
which displayed radiometric eU3O8 concentrations of around 50ppm (Coetzee and 
Szczesniak 1993), while riverbank sediment samples from the far West Rand with 
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a radiometric eU3O8 concentration of around 90ppm have been analysed as having 
a true uranium concentration an order of magnitude greater (Coetzee et al. 2006).
The use of airborne radiometric data for the detection of radioactive mine wastes 
and contaminated areas is therefore a highly cost and time-efficient tool. Most of 
the anomalous areas described in the studies cited in this section were only 
discovered after airborne radiometric surveys were flown, as previous ground-
based investigations did not give sufficient spatial coverage of the areas of 
interest. The spatial resolution of the method is however limited as far as detailed 
radiological health studies are concerned, requiring ground follow-up of identified 
anomalies. A recent study (National Nuclear Regulator 2007) launched in 
response to a number of investigations of the West Rand and Far West Rand areas 
(Wade et al. 2002; Coetzee, Wade et al. 2002; Coetzee et al. 2006) which in turn 
were, to a large extent, guided by airborne radiometric surveys, identified a 
number of sites where the public could be exposed to unacceptably high doses of 
radioactivity. These results show a good spatial correlation, with the high-dose 
sites all located in areas of elevated radiometric counts, detected using airborne 
surveys (pers. comm. R Bartel, 2007)
5.7.4 Detection of anthropogenic radionuclides 
No calibration pads currently exist for the calibration of large detector systems for 
anthropogenic nuclides, and large homogeneously contaminated sites are hard to 
come by, and probably best avoided. The calibration of an airborne system for
anthropogenic radionuclides is further complicated by the geometry of 
contaminated sites. Contamination tends to be inhomogeneous, often limited to 
near-point sources or point sources with small plumes emanating from them. 
These geometric considerations limit the possibility of a quantitative calibration of 
actual ground activities. The value of the airborne survey method is however that 
it provides full coverage of the surface, allowing the rapid identification of 
contaminated areas for ground follow-up. The detection and identification of 
anthropogenic radionuclides can be undertaken by inspection or by the extraction 
of principal components from a set of spectra. The counts due to the radionuclide 
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of interest can be determined using the continuum removal method described in 
Section 5.4.1.
Inspection of spectra 
If the activity of the anthropogenic radionuclides is sufficient, it will be possible 
to identify anomalous areas and the radionuclides contained within them by 
simply examining spectra in areas of high total counts. Table 5.10 presents a list 
of anthropogenic radionuclides likely to be encountered in an investigation of a 
reactor accident or spillage. 
Table 5.10. Examples of anthropogenic gamma-emitters which could be present in the 
environment as a result of reactor accidents, spillage or weapons test fallout. (International 
Atomic Energy Agency 1991)
Nuclide Most important gamma energies (keV) Half-life (d)
95Zr 724, 756 65
95Nb 765 35
99Mo 740 3
103Ru 497 40
106Ru 512 368
131I 364 8
132Te 230 3
134Cs 605, 795 730
137Cs 662 11000
140Ba/La 1596 13
Principal components 
Where count rates are too low to visually identify a photopeak due to 
anthropogenic nuclides, it may still be possible to identify an anomalous 
photopeak within a principal component of the set of spectra recorded in a survey. 
The NASVD method, described in Section 5.2 provides a means to break a set of 
spectra down into principal spectral components. In fact, the original application 
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of this method (Hovgaard 1997) was not for noise reduction, but rather for the 
identification of a small signal from the nuclear power source of the Russian 
Cosmos 954 satellite which crashed in the Northwest Territories of Canada, 
scattering radioactive debris over an area of approximately 100,000km2 (Lahtinen 
2006). Although airborne surveys were flown to locate the reactor fragments, it 
was not known which nuclides were present (Nuclear-Inspectorate 1997), 
complicating the simple inspection of spectra. The NASVD technique was applied 
and was able to identify three spectral components (See Figure 5.41), one of 
which identified the spectrum due to the reactor fragments. Plotting of this 
spectral component (See Figure 5.42) allowed the identification of those areas 
contaminated with radioactive debris. This method has been described in Section 
5.2.5 and is applied to ultralight data from a site contaminated with anthropogenic 
radionuclides in Section 8.5.1.
Figure 5.41. Spectral components extracted from the spectral set for the Cosmos 954 survey: 
a natural background spectrum (dotted), a radon daughter spectrum (solid) and a reactor 
fragment spectrum (bold, blue) (Nuclear-Inspectorate 1997).
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Figure 5.42. “Concentration” of the reactor fragments component for the Cosmos 954 survey 
(arbitrary units) (Nuclear-Inspectorate 1997).
5.8 Conclusions – calibration of ultralight mounted 
airborne detectors 
The problems outlined in the introduction to this chapter arising due to the lack of 
suitable calibration facilities within range of the ultralight aircraft have largely 
been addressed. A toolkit has been developed and applied for peak finding and for 
the separation of photopeaks from the continuum in gamma ray spectra, a process 
analogous to the conventional stripping calculation. The NASVD noise reduction 
technique (Hovgaard and Grasty 1997) has been utilised for noise reduction and in 
the facilitation of the empirical stripping technique. An empirical approach to 
altitude correction (Braginskaya and Zubov 1998) has also been applied.
Since no suitable test strip was available for the determination of spectrometer 
sensitivities, data have been reported as stripped count rates, which are 
proportional to the concentration of potassium and the activities of 214Bi and 208Tl, 
nuclides in the 238U and 232Th series, respectively. If concentration data are 
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required for geological mapping purposes, back-calibration using radiometrically 
determined ground concentrations may be performed, as described by the IAEA 
(International Atomic Energy Agency 2003a). For environmental surveys, such as 
those performed over the Witwatersrand Goldfields, the anomalous areas detected 
rarely have the infinite geometry assumed in calibrations and are generally not in 
secular equilibrium. In the case of surveys for anthropogenic nuclides, the 
geometric problems are even greater and no suitable calibration sites exist.
Ultralight detectors are generally small and consequently have poor signal to 
noise ratios. An analysis of uncertainty in the data collected using these detectors 
shows that the detection limits for such a detector are insufficient for much 
radiometric work, particularly in the case of uranium detection, unless a noise 
reduction method is applied. The NASVD method has been applied to data and 
has been shown to provide data which can be interpreted for both geological and 
environmental applications. This method also provides spectral components 
which can be used for the detection and mapping of anomalous spectral 
components such as those arising due to the presence of anthropogenic nuclides.
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Chapter 6 Comparison of Detector Materials
6.1 Introduction 
With the exception of some experimental work, using plastic detectors in the 
1970s, and the early testing of bismuth germanate detectors on ultralight aircraft 
in South Africa in the 1990s (Stettler et al. 1997), almost all airborne radiometric 
survey systems have used thallium activated sodium iodide (NaI(Tl)) as a detector 
material. This material has been chosen primarily due to its good energy 
resolution, linked to a moderate density and atomic weight, and the possibility to 
fabricate large detectors. Large (4.2 litre volume) detectors are also readily 
available in a ruggedised housing, which makes this the ideal material for the 
construction of an airborne gamma ray spectrometer. Other scintillation materials 
are however available and may be considered for use in a gamma ray 
spectrometer.
6.2 Radiation detection using scintillation detectors 
A large number of scintillation materials exist. Table 6.1 lists several scintillators, 
along with their physical and optical properties. explain these properties, and their 
effect on the practicality of a scintillator as follows:
 As explained in Section 2.1.1, high density and atomic number are 
essential for the detection of gamma rays, particularly at higher energies. 
Higher density provides more stopping power for the detector, while the 
atomic number determines the photopeak efficiency of the detector (See 
Section 2.1.1).
142
 The mechanical properties of a scintillator can determine its practical 
application in airborne surveying. The material must be able to be 
fabricated into large detectors, while it should be sufficiently robust to
survive the mechanical vibration and shock likely to be encountered in an 
aircraft. Where detectors are hygroscopic, they must be hermetically 
sealed in a housing. 
 Light output is important for the determination of the energy of incoming 
gamma rays. The greater the light output (i.e. the greater the number of 
light photons radiated by the detector per incoming gamma ray photon), 
the better the energy resolution of the detector will be (Debertin and 
Helmer 1988).
 Decay time: Scintillation light pulses are usually characterised by a rapid 
increase in light output followed by an exponential decay in light intensity.
The decay time of a detector material is defined as the time taken for the 
light intensity to decay to e1 of its initial value. Where more than one 
decay time exists for a scintillator, the most significant decay time is 
usually quoted. Long decay times can hamper rapid counting applications. 
This may cause problems for a gamma spectrometer when surveying in
areas of extremely high gamma ray flux, where pulse pile-up occurs
(Debertin and Helmer 1988).
 Afterglow is the property of scintillators whereby the decay of a light 
pulse may continue over a prolonged period of time. This is believed to be 
the result of lattice defects in alkali halide detectors, and may be an 
intrinsic property of the materials (Debertin and Helmer 1988).
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Table 6.1. Physical and optical properties of a number of scintillation materials (Saint-Gobain Ceramics & Plastics 2006)
Physical property NaI(Tl) YAG(Ce) YAP(Ce) BGO CaF(Eu) CsI(Tl) CdWO4 Plastics BriLanCe 
350
BriLanCe 
380
Density (g/cm3) 3.67 4.57 5.37 7.13 3.18 4.51 7.90 1.03 3.79 5.29
Index of refraction 1.85 1.82 1.95 2.15 1.44 1.78 2.3 1.58 ~1.9 ~1.9
Hygroscopic Yes No No No Yes No No No Yes Yes
Cleavage Yes No No No Yes No Yes Yes
Chemical formula NaI Y3Al5O12 YAlO3 Bi4(GeO4)3 CaF2 CsI CdWO4 LaCl3(Ce) LaBr3(Ce)
Integrated light 
output (%Nai(Tl))
100 40 70 15-20 50 45 25-30 25-30 70-90 165
Wavelength of 
max. emission 
(nm)
415 550 370 480 435 550 470/540 375-
600
350 380
Decay constant 
(ns)
230 70 25 300 940 900 20/5ms 1-3ms 28 16
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The scintillation behaviour of detector materials is also temperature dependent. 
Figure 6.1 shows the temperature dependence of the light output of a number of 
scintillation materials (Saint Gobain Ceramics & Plastics 2005). It is interesting to 
note that for the alkali halide detectors, the best light output is obtained in a 
specific temperature range, while for the undoped BGO detector, light output 
increases with decreasing temperature (See Figure 6.1). While this effect may 
allow an improvement in the energy resolution of a BGO detector to be obtained 
by cooling the detector, the steep gradient of this curve explains the poor energy 
stability that is likely to be experienced with these detectors, particularly if they 
are to be used for full-day surveys, where significant variations in temperature 
could be experienced. Given the practicalities of surveying using ultralight 
aircraft, cooling the detector, or even actively maintaining the detector 
temperature would not be easily achievable.
Figure 6.1. Temperature dependence of the light emission of a number of scintillation 
materials (Saint Gobain Ceramics & Plastics 2005).
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6.3 Criteria for the selection of an airborne detector 
Using this information regarding scintillation materials, it is possible to set up a 
list of criteria, for the selection of suitable materials for an airborne gamma ray 
spectrometer, with a particular focus on ultralight aircraft. The following criteria 
have been identified, based on the information presented in Section 6.2.
 The detector should have a high density and atomic number (Z) . Although 
dense materials will tend to produce heavy detectors, their increased 
density allows the building of more compact detectors. For example, BGO
has a density approximately twice that of NaI. It is therefore possible to 
produce a BGO detector with the same stopping power for gamma rays as 
an NaI detector which is twice the thickness of the BGO detector. The
masses of the two detectors will however be the same.
 The scintillation material used should be sufficiently robust to survive 
airborne survey applications. Although NaI is not the physically most
robust material, available detector housings have been proven to 
adequately protect these detectors from damage.
 Optical characteristics such as decay time and afterglow should be low, to 
allow the detector to be utilised in areas of high gamma ray flux.
 Light output should be high enough to give an adequate energy resolution 
for the separation of peaks due to different gamma emitters. This is of 
particular importance where surveys are flown over areas where
anthropogenic radionuclides are present (See Chapter 8).
Looking at these criteria, of the detector materials available at the time of this 
study, NaI(Tl) and BGO emerged as the obvious choices, although BGO's energy 
resolution may be insufficient for the separation of signals from different 
radionuclides. Recently, new detectors, based on cerium doped lithium halides 
(LiCl3(Ce) and LiBr3(Ce)) have become available (Rosza et al. 2006). These show 
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great promise in geological applications, having high density, good optical 
properties and offering extremely high energy resolution (pers. comm. R van 
Rensburg, 2007), but are extremely expensive and are not yet available in large 
enough detector sizes for a practical airborne sensor. The remainder of this 
chapter focuses on the comparison between these NaI(Tl) and BGO detectors for 
airborne geophysical applications and test surveys flown using a BGO detector.
6.4 Simulation of NaI(Tl) and BGO detector responses 
6.4.1 Comparison of NaI(Tl) and BGO detectors
Since the 1960s, sodium iodide has been used as a detector material for airborne 
surveys (Mero 1960). A number of other potentially suitable scintillation 
materials do however exist. During 1996 and 1997, the Council for Geoscience 
and the Kernfysisch Versneller Instituut (KVI) at the Rijks Universiteit Groningen 
in the Netherlands tested a small bismuth germanate (Bi4Ge3O10 - BGO) detector
(Stapel et al. 1993) in an ultralight aircraft (Stettler et al. 1997). BGO is an 
extremely attractive material for the production of scintillators, as it's high 
effective atomic number results in a large photoelectric cross-section and 
therefore should produce a greater peak to Compton ratio that NaI(Tl). 
In order to prepare for the testing and comparison of these detectors, a number of 
Monte Carlo simulations were performed, using the method described in Chapter 
4.
Results for monoenergetic gamma rays 
The experimental simulation setup consists of a volume source of monoenergetic 
gamma rays with random initial directions introduced into a 7.5cm*7.5cm right 
cylindrical detector, surrounded by a 20cm diameter cylinder of air at 0.1atm. The 
results of the simulation for 1.46MeV gamma rays is shown on Figure 6.2.
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Figure 6.2. Simulated spectra for a 1.46MeV (40K) source using 7.5cm*7.5cm cylindrical (a) 
NaI(Tl) and (b) BGO detectors. Note the larger photopeak and smaller Compton continuum for 
the BGO detector. (These simulations ignore the energy broadening effects of the detector).
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For these simulations, the energy broadening effects of the detectors have been 
ignored, to allow a direct comparison of the peak-to -Compton ratio for each of 
the two detectors.
The software used allows the modelling of the broadening effect of the detector, 
by sampling the Gaussian function
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where E is the broadened energy, 0E is the unbroadened energy, C is a 
normalisation constant and A is the Gaussian width, given by 
ln22
FWHM
A 53
where FWHM is the energy resolution of the detector, given as full width at half 
maximum. The FWHM function is determined using 
2FWHM cEEba  54
with a, b and c constants specified in the command file defining the run-time 
parameters for MCNP (Briesmeister 1997). These constants were determined 
empirically, from spectra recorded using the KVI detector and for the NaI(Tl) 
detector mounted in the Council for Geoscience's ultralight system (Stettler et al. 
1997; Coetzee et al. 1998) and are presented in Table 6.2. The results of these 
simulations, including the effects of energy broadening are shown on Figure 6.3.
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Table 6.2. Gaussian energy broadening constants used for the simulation of detectors
Constant NaI(Tl) detector BGO detector
a 0.0126 0.0735
b 0.0348 0.0839
c 1.151 1.315
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Figure 6.3. Simulated spectra for a 1.46MeV source, using NaI(Tl) and BGO detectors, 
including the effects of Gaussian Energy Broadening.
Note the significantly larger area under the peak for the BGO spectrum and the 
larger Compton continuum for NaI(Tl). This exercise also illustrates the poorer 
energy resolution of BGO as a detector for geophysical survey applications.
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6.4.2 Peak-to-Compton ratio
The interactions described in Section 2.1.1, particularly the photoelectric cross-
section defined in Equation 3 suggest that high-Z detector materials should 
produce spectra with significantly greater peak to Compton ratios than lower Z 
detectors. This has been demonstrated using the following simulation conditions:
A 10cm x 10cm cylindrical detector was simulated in a 20m radius cylinder filled 
with air at 103atm. A point source on the axis of the cylinder, 1mm below the 
bottom of the detector is used. This emits monoenergetic gamma rays along the 
cylinder's axis, into the detector. No Gaussian energy broadening effects are 
simulated, so that the photopeak will lie in a single channel, with all other gamma 
rays lying in a continuum of lower energies. The simulation is performed for 
energies from 0.3 to 2.9 MeV in steps of 0.1MeV. In each simulation, 1 million 
particle histories have been simulated. The results of the simulations, as counts in 
the photopeak and backscattered counts are shown on Figures 6.4 to 6.6. These 
results clearly show the higher peak to Compton ratios for the higher Z BGO 
detector.
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Figure 6.4. Photopeak and backscattered counts for a NaI(Tl) detector.
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Figure 6.5. Photopeak and backscattered counts for a BGO detector
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Figure 6.6. Peak to Compton ratios for various detector types.
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This set of simulations provides the rationale for the use of BGO in applications 
where detector size is limited. The materials used differ in effective atomic 
number and density, as well as in their scintillation properties. The effects of these 
differences have been separated in the simulation study, so that the different
effects on the eventual precision of a radionuclide activity determination can be 
assessed independently. Based on these simulations, it appears that a BGO based 
airborne spectrometer could be a viable alternative for the conventional NaI(Tl) 
systems.
6.5 Preliminary airborne testing of bismuth germanate and 
thallium activated sodium iodide detectors 
Initial spectrometer tests were flown using BGO detector systems developed by 
the Kernfysisch Versneller Instituut (KVI) at the Rijksuniversiteit Groningen in 
the Netherlands (Stapel et al. 1993). These systems were developed for surveying 
the sea floor by slowly towing a small detector behind a boat and were optimised 
for a longer counting time (10s per measurement) than would be normal for 
airborne surveys. Even with the small detector size (approximately 0.1l), it was 
hoped that interpretable data would be produced, given the high peak-to-Compton 
ratio inherent to the detector material. The operation of the system can be 
summarised as follows:
1. Raw data were collected by the detector and associated electronics in a 
512-channel spectrum.
2. A theoretical spectrum was fitted to the measured data using unit spectra 
determined on calibration pads, which were available at this time. This is 
used to energy calibrate the spectrum and a 300 channel spectrum with a 
channel width of 10keV is calculated.
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3. This spectrum is deconvolved using the unit spectra measured on the 
calibration pads.
This procedure ignores two fundamental corrections required in airborne 
radiometrics:
 Altitude correction, bearing in mind that variations in flight altitude not 
only result in attenuation of terrestrial gamma rays, but also change the 
shape of the spectrum due to Compton scattering in the air layer between 
the ground and the detector.
 Radon removal, where the contribution of atmospheric radon is removed 
from the spectrum, either using a calculated radon spectrum or a spectrum 
determined using an upward looking detector.
These are not relevant to seafloor surveys, where the source detector geometry can 
be controlled and where no radon is present. Nevertheless, data were collected in 
order to assess the suitability of BGO detectors to airborne radiometrics and 
specifically to assess the specific system developed at the KVI.
6.5.1 Test survey in the Springs area using a BGO detector
The first test of a BGO detector mounted in a ultralight aircraft was flown in the 
Springs area, east of Johannesburg (See Figure 6.7). This site was selected, as it 
was close to Petit Airfield, the base of operations of the airborne system at that 
time. A single flight path, covering a two slimes dams and a dam, to allow the 
measurement of background levels, was selected (See Figures 6.12 to 6.15).
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Figure 6.7. Location of the Springs survey line (see Appendix A for legend).
A single cylindrical detector 150mm long with a diameter of 50mm was used for 
the test survey. Petit airfield was used as a survey base, and the survey included 
passes over two gold mine tailings dams and a water filled dam, to determine the 
local background radiation levels. The system used proprietary software and 
algorithms to energy calibrate and invert the measured spectra, using standard 
spectra calculated from spectra measured on the Lanseria calibration pads. 
Positions were recorded in flight using a Trimble Pathfinder Pro Differential GPS 
system, with a base station at the airfield. The survey was flown before the 
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demolition of the Lanseria calibration pads and a calibration was performed on 
these pads, using the spectrum deconvolution algorithm described above. The 
system was not fitted with a recording altimeter, and no altitude corrections were 
performed on the data. The results of the survey are shown as profile data on 
Figures 6.8 to 6.11 and in plan on Figures 6.12 to 6.15.
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Figure 6.8. Total Count data from the Springs BGO Survey.
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Figure 6.9. Potassium data from the Springs BGO Survey
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Figure 6.10. Uranium data from the Springs BGO Survey.
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Figure 6.11. Thorium data from the Springs BGO Survey.
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Figure 6.12. Springs BGO survey - total count channel data (as Counts per Second) (see 
Appendix B for legend).
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Figure 6.13. Springs BGO survey - potassium channel data (as %K2O) (see Appendix B for 
legend).
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Figure 6.14. Springs BGO survey - uranium channel data (as ppm U3O8) ) (see Appendix B 
for legend).
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Figure 6.15. Springs BGO survey - thorium channel data (as ppm ThO2) ) (see Appendix B 
for legend).
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The profile data allow the visual appreciation of the amount of noise in the data. 
The uranium and total count channels have well defined signals, clearly separable 
from background. This is to be expected as the anomalous areas are contaminated 
with uranium series radionuclides, which will also contribute significantly to the 
total counts. Figures 6.16 to 6.18 show correlation plots of the three radionuclide 
channels with the Total Count Channel. These plots show the degree to which the 
individual element channels influence the total counts recorded i.e. the 
contribution of the individual radionuclide to the total radioactivity at the site and 
have been chose specifically for cases such as this where a single radionuclide is 
expected to dominate the signal from the ground. Here it can be clearly seen that 
the uranium and total count channel are reasonably well correlated, while the 
other two channels do not correlate well with the total counts. These plots also 
show the bimodal distribution of uranium and total count data, which is to be 
expected in areas where the survey area is dominated with the relatively low 
radioactivity background and significant levels of contamination.
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Figure 6.16. Correlation plot of potassium with total counts.
163
-20 0 20 40 60
U3O8 (ppm)
0
500
1000
1500
2000
2500
To
ta
lC
ou
nt
s
Figure 6.17. Correlation plot of equivalent uranium with total counts.
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Figure 6.18. Correlation plot of equivalent thorium with total counts.
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The poor signal to noise ratio and abundant negative concentrations observed in 
the potassium and thorium channel data are believed to demonstrate that the 
overall count rate that can be obtained using a very small airborne detector, such 
as the one used in this survey is insufficient to resolve all but the most significant 
anomalies. The negative concentrations are believed to be artefacts of the 
processing algorithm. This algorithm deconvolves the recorded spectrum with unit 
spectra for K, U and Th, producing the proportions of each unit spectrum in the 
measured spectrum, expressed as a concentration. The unit spectra are determined 
on calibration pads. This process is analogous to the conventional stripping 
calculation, except that it uses 300 channels instead of the usual 3. In areas where 
any of the channels is elevated significantly, relative to the other two, the counts 
which are "stripped off" the two low-count channels can, in the presence of noise, 
exceed the number of counts in these two channels, producing negative count-
rates. This effect has been observed in 3-channel data flown over Witwatersrand 
mining areas, and an analogous process appears to be happening in the multi-
channel data. The negative thorium values are most pronounced in the high 
uranium areas (See Figure 6.11). No further analysis of this phenomenon was 
possible, as data were delivered in processed form for this survey.
This survey demonstrated the feasibility of using small ultralight-mounted BGO 
detectors for airborne radiometric surveying. The small quantity of data collected, 
uncertainty regarding the calibration method and the lack of ancillary data such as 
altitude, air pressure etc. meant that the data were not suitable for detailed 
processing. Nevertheless, a second test survey using this detector system was 
flown in the Carletonville area, to obtain data flown over a survey grid, rather than 
a single line.
6.5.2 Test survey in the Carletonville area using a small BGO detector
The second radiometric test survey using this system was flown in the 
Carletonville area (See Figures 6.19 and 6.20). This area was chosen owing to 
known contamination of the environment with radioactive material in the vicinity 
of the mines, contrasted against the low background of the dolomite. In this 
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survey, a number of lines were successfully flown covering an individual gold 
mine. Unfortunately the electronic systems required for the operation of the BGO 
detector were not suitably ruggedised for use in an ultralight aircraft, and 
electronic failures precluded the flying of a full calibration survey. The same 
proprietary data reduction software was used to calculate the contents of the 
different element channels. The data from this survey are shown on Figures 6.21
to 6.24.
These results confirm those found at Springs, and show the potential of the BGO 
based system for:
1. The detection of radiometric anomalies.
2. The discrimination of different radioactive sources, at least at high count rates. 
It should be remembered that surveys over Witwatersrand gold mines will cover 
areas showing high degrees of contamination with uranium-series radionuclides, 
and potassium and thorium values close to the local natural background levels. 
These features are clearly seen in the data from this survey, where maps of the 
total count data and the uranium data are extremely similar in appearance, 
indicating that most of the counts in the total count channel are derived from the 
uranium decay series. The thorium and potassium channels show variation within 
a narrower range. The prominent anomaly crossing the potassium image is 
believed to be a local geological feature.
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Figure 6.19. Location of the Carletonville test survey) (see Appendix A for legend).
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Figure 6.20. Detailed locality plan of the Carletonville survey. Note the position of the slimes 
dams and their proximity to the urban area of Carletonville) (see Appendix B for legend).
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Figure 6.21. Total Count data from the Carletonville BGO survey (Coordinates on the LO 
system, with Central Meridan 27 degrees East).
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Figure 6.22. Potassium data from the Carletonville BGO survey (Coordinates on the LO 
system, with Central Meridan 27 degrees East).
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Figure 6.23. Uranium data from the Carletonville BGO survey (Coordinates on the LO 
system, with Central Meridan 27 degrees East).
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Figure 6.24. Thorium data from the Carletonville BGO survey (Coordinates on the LO 
system, with Central Meridan 27 degrees East).
6.6 Test surveys using a larger BGO detector 
6.6.1 Introduction
While the initial tests at Springs and Carletonville were flown using less than 
optimal equipment, the results obtained demonstrated the potential of BGO 
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detectors to give results comparable to those obtained with NaI(Tl) detectors. The 
high photopeak efficiency and collection efficiency due to the higher density of 
the material could allow the use of smaller detectors. The mechanical robustness 
of BGO also holds practical advantages for airborne applications, particularly 
with ultralight aircraft, where large volumes of shock resistant material cannot be 
carried to cushion detectors. With these points in mind and with the benefit of a 
more mature platform and data acquisition systems, test surveys were undertaken 
using a cylindrical BGO detector 12.7cm in diameter and 7.62cm thick. This was 
mounted in the same aircraft as the conventional 4.2 litre NaI(Tl) (10.2cm x
10.2cm x 40.8cm) detector, described in Section 3.3.3.
By the time that this system became available, a working NASVD algorithm 
(Hovgaard and Grasty 1997) was available and could be applied to the data. The 
continuum removal method described in Section 5.4.1 had also been developed 
and implemented, which allowed the calculation of "stripped" count rates, even 
where no stripping ratios or standard window widths were available.
6.6.2 Scope of this experiment
The scope of the project was as follows:
1. To install the detector in one of the Council for Geoscience/Southern 
Exploration Services Jabiru ultralight aircraft, along with the conventional
NaI(Tl) detector, such that simultaneous data collection was possible.
2. To test fly the detector at a possible calibration range identified at the
Gariep Dam and the New Machavie Gold Mine. This is an abandoned 
mine, and is therefore ideal for the purpose of testing, particularly as the 
Black Reef gold ore is known to contain elevated, but not excessively high 
uranium content. 
3. To assess the BGO data and compare them to the NaI(Tl) 
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4. To make recommendations regarding the use of BGO as a detector 
material for airborne surveys.
6.6.3 Design and installation of the BGO detector
Choice of a detector and related electronics 
Two simulation studies were undertaken to assist in the selection of a suitable 
detector,. The first looked at determining the optimal size of detector for the 
study, while the second simulated the selected detector and the NaI detector in use 
in the ultralight, in order to compare the performance of the two systems.
Determination of the optimal BGO detector size for ultralight surveying 
Enquiries with various equipment suppliers showed that the most appropriate
detectors would be cylindrical detectors with a diameter of 12.7cm (5"). These 
would be compatible with standard photomultiplier tubes and the electronics 
already used in the ultralight airborne systems. Such detectors were readily 
available at thicknesses of 5.08cm (2") and 7.62cm (3"). Larger diameter detectors 
would require larger photomultipliers, which are extremely expensive, or multiple 
photomultipliers which would introduce an unacceptable degree of complexity to 
the data acquisition.
To determine the optimal detector size, a simulation study was performed, using 
the methods described in Chapter 4. Four possible BGO detectors were simulated, 
all cylindrical, with a diameter of 12.7cm and thicknesses of 2.54cm, 5.08cm, 
7.62cm and 10.20cm. In addition, a hypothetical infinitely thick (102cm) BGO 
detector and a conventional 10.2x10.2x40.8cm NaI(Tl) detector were simulated. 
Gamma rays of energy 2.614MeV (The energy of the 208Tl emission in the 232Th
series and the highest energy of interest in radiometric surveying) were simulated 
entering the centre of one of the circular faces of the detector (one of the large 
rectangular faces of the NaI(Tl) prism), perpendicular to the surface, from a 
distance of 1cm. The detector was surrounded by air at a pressure of 10-3atm. One 
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million photons were simulated for each detector, to ensure adequate counting 
statistics. Gaussian energy broadening was not applied. The detector tallies for the 
realistic BGO detectors are plotted on Figure 6.25.
The photopeak count rates, together with the percentage increase from the 
previous detector and the percentage of the counts obtained with an "infinitely 
thick" detector are shown in Table 6.3. These results clearly show the benefit to be 
gained from using the thicker detectors as well as the significantly higher 
photopeak count rates to be obtained using BGO instead of NaI(Tl). Given that 
the downward-facing surface area of the NaI(Tl) detector is 3.2 times that of the 
BGO detector, it is easy to see that a smaller BGO detector should be able to 
produce equivalent photopeak count rates to a larger NaI(Tl) detector. Since the 
density of BGO is almost exactly twice that of NaI, equivalent "stopping power" 
can be obtained with a detector half the thickness.
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Figure 6.25. Simulated spectrum without Gaussian energy broadening for 2.614MeV gamma 
rays collected in BGO detectors of various thicknesses.
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Table 6.3. Results of the simulations of detector responses for different sizes of BGO 
detectors. (An "infinitely thick" detector and an NaI(Tl) detector have been included for 
reference purposes.)
Detector Photopeak 
Counts
% Increase % of “infinitely 
thick” detector
2.54cm BGO 293900 31.3%
5.08cm BGO 575600 96.0% 61.3%
7.62cm BGO 747400 29.9% 79.6%
10.2cm BGO 843000 12.8% 89.8%
102cm BGO 939200 11.4% 100%
10.2x10.2x40.8cm 
NaI(Tl)
389500 41.4%
The detector selected had to maximise the potential gamma ray capture cross 
section and photopeak efficiency, within budgetary constraints. A cylindrical 
detector with a diameter of 12.7cm and a thickness of 7.62cm was selected and 
purchased. This was supplied equipped with a standard photomultiplier tube. This 
detector was selected as the most practical, given the large photopeak count-rate 
(~80% of an infinitely thick detector at 2.614MeV). BGO has relatively poor light 
transmission, which would result in a degradation of resolution if a thicker 
detector were to be used.
The aim in setting up the spectrometer was to retain the technology already 
developed and in regular use on existing ultralight systems, as far as was possible. 
Unfortunately, the Oxford PCAP multichannel analyser (MCA) cards used in 
these systems were not available at the time of purchase and an equivalent card, 
produced by Target Systemelektronik in Germany was acquired. The acquisition 
software was modified from existing code developed by the Council for 
Geoscience to use the new MCA card. Like the Oxford card, the Target card 
includes both the multi-channel analyser (MCA) electronics and a high voltage 
supply, and integrates with the acquisition computer via an ISA bus.
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Comparison of NASVD results for the NaI and BGO simulations 
Sample data sets for the selected BGO and the standard 4.2 litre NaI detectors 
were prepared using the Monte Carlo simulation methods described in Chapter 4. 
Both sets consisted of 2500 spectra, produced using the same random altitudes 
and concentrations of K, U and Th. The aim of this simulation was to produce a 
set of spectra suitable for the assessment of different detectors, as well as 
identifying suitable processing methods.
Decomposition of spectra into spectral components 
The Noise Adjusted Singular Value Decomposition (NASVD) (Hovgaard 1997; 
Hovgaard and Grasty 1997) has been calculated on both data sets. In both cases, 
the data were found to be adequately represented by four spectral components. 
Spectral components 1 to 5 for each of the detectors simulated are presented on 
Figures 6.26 and 6.27. Note that in both cases, component 5 clearly contains 
noise, with negligible signal content. That the simulated BGO detector produced 
as many components as the NaI detector is in itself promising. This indicates that 
the poorer energy resolution of the detector did not result in a significant 
degradation of the data.
Visual interpretation of the spectral components reveals that the first represents 
the mean of the data set, while components two and three contain information 
regarding the deviations from the mean spectral shape due to variations in the 
concentrations of the three radioelements. The fourth component in the analyses 
of data from both simulations contains information related to the altitude used in 
the simulation. Figure 6.28 shows the coefficient of this component as a function 
of altitude for each of the detectors modelled.
These plots show that the altitude information for the spectra is contained in this 
component. The better signal to noise ratio of the larger NaI(Tl) detector can also 
be seen in the smaller spread of data about the trend. 
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Figure 6.26. NASVD components 1-5 calculated from the NaI(Tl) spectra.
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Figure 6.27. NASVD components 1-5 calculated from the BGO spectra.
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Figure 6.28. Relationship between survey altitude and spectral component 4 in a NASVD for 
simulated (a) NaI and (b) BGO spectra.
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Calculation of concentrations of potassium, uranium and thorium 
In the case of the simulations, no calibration spectra for either concentrations or 
altitude were prepared. It was therefore not possible to calculate stripping or 
sensitivity coefficients. The continuum removal method described in Section 5.4.1
was applied to the reconstructed spectra after the application of NASVD. This 
allows the estimation of a stripped count rate, without the use of conventional 
stripping ratios. Figures 6.29 to 6.34 show the comparisons between the true 
concentrations of K2O, U3O8 and ThO2, used as input terms in the simulations and 
the “stripped” count-rates determined using continuum removal. (All results have 
been altitude corrected, using the empirical method described in Section 5.5).
Inspection of these scatter plots shows a number of features clearly:
1. The correlation between true concentrations and calculated concentrations 
is good for all three radioelements on both detectors. 
2. As was the case with conventional stripping, the relative uncertainty in 
uranium concentration is still greater than for the other two elements. This 
is to be expected, given the lower stripped count-rate and the uncertainty
introduced in the subtraction of a significant number of counts due to 
thorium (see Section 5.3.4). The overlap between the potassium 
(1.46MeV) and uranium (1.76MeV) channels is also likely to affect the 
uncertainty in stripped uranium count rates for the BGO detector, with its 
poorer energy resolution, compared to NaI(Tl).
3. The larger NaI(Tl) detector has a better signal to noise ratio than the 
smaller BGO detector. The “stripped” count rates for the NaI(Tl) detector 
are, however, only a factor 1.5-2 times greater than those for the BGO 
detector, although the detector volume differs by a factor greater than 4. 
The area of the downward-facing surface of the detector is approximately 
twice as large for the NaI(Tl) detector.
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Figure 6.29. "Stripped" Count rates for potassium compared to true concentrations using a 
simulated BGO detector
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Figure 6.30. "Stripped" Count rates for uranium compared to true concentrations using a 
simulated BGO detector.
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Figure 6.31. "Stripped" Count rates for thorium compared to true concentrations using a 
simulated BGO detector
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Figure 6.32. "Stripped" Count rates for potassium compared to true concentrations using a 
simulated NaI(Tl) detector.
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Figure 6.33. "Stripped" Count rates for uranium compared to true concentrations using a 
simulated NaI(Tl) detector
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Figure 6.34. "Stripped" Count rates for thorium compared to true concentrations using a 
simulated NaI(Tl) detector.
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The major parameters determined in this analysis are summarised in Table 6.4. 
These have been determined as follows:
Cutoff 
This is the matrix p in the NASVD, and has been determined by inspection of 
spectral components.
Signal to noise ratio 
A set of spectra X can be represented by X=S+N, where S is the desired signal 
and N is the Poisson distributed stochastic noise. The NASVD technique can then 
be used to estimate S. The noise for each spectrum is then calculated by 
subtracting the estimated signal from the observed spectrum. In this case, the
signal to noise ratio for the entire data set has been taken to be the RMS sum of all 
observations in the signal matrix, divided by the RMS sum of all calculated values 
of noise, i.e. for m observations in n channels:


 
  m
i
n
j
ij
m
i
n
j
ij
N
S
NS
1 1
1 1/
55
 Detector Mass 
The detector mass given is the mass of the detector crystal alone, excluding the 
housing, PMT and any ancillary electronics.
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Table 6.4. Signal to noise ratio determinations for the NaI and BGO detectors.
Parameter NaI(Tl) BGO
Cutoff 4 4
Signal to noise ratio 6.77 4.37
Detector Mass (kg) 15.6 9.65
Detector mass normalised S/N 1 1.46
Conclusions 
This analysis demonstrates that the proposed BGO detector should be capable of 
collecting data of comparable quality to the larger NaI(Tl) detectors currently used 
for lightweight airborne radiometric applications. The higher density and effective 
atomic number of the material allows an improvement in S/N of approximately 
50% per unit mass over NaI(Tl).
Noise reduction techniques such as noise adjusted singular value decomposition 
(NASVD) (Hovgaard 1997; Hovgaard and Grasty 1997), minimum noise fraction 
(MNF) (Green et al. 1988) and others, generally based on some kind of subspace 
reprojection of multichannel spectra, produce significant improvements in signal 
to noise ratio, which makes the use of small detectors feasible. It should however 
be borne in mind that the "large", "heavy" NaI(Tl) detectors currently in use in the 
ultralight systems are one eighth the size of what is considered adequate for most 
airborne radiometric surveying. Then again, the Poisson nature of the noise on 
these systems implies that the signal to noise ratio increases only as the square 
root of the increased detector volume, i.e. a decrease in detector size by a factor of 
8 will decrease the signal to noise ratio by a factor of 8.28  .
The processing, calibration and data correction methods described in Chapter 5
are not specific to one detector type or another. Therefore, although standard 
energy windows have not been identified for BGO detectors, processing and 
calibration methods are available which will provide data comparable with 
conventionally processed data collected using NaI(Tl) detectors.
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6.6.4 Detector installation
BGO is reported as showing significant thermal drift during operation (pers. 
comm. R de Meijer) (See Figure 6.1). Although the material is significantly more 
robust than NaI(Tl), a suitable housing had to be built, to provide both thermal 
and mechanical insulation of the detector. This was installed in the Jabiru aircraft 
behind the existing NaI(Tl) detector, allowing simultaneous data acquisition.
6.6.5 Determination of stripping ratios for the BGO detector
Although no proper calibration facilities were available during the duration of this 
portion of the project, an attempt was made to estimate stripping ratios for the 
BGO detector. The three small sources containing high concentrations of K, U 
and Th, described in Section 5.3.3 were used to estimate the stripping ratios for 
the detector. The concentrations were significantly higher than would typically be 
considered acceptable for a radiometric calibration source (Lovborg et al. 1978). 
Table 6.5 shows the estimated stripping ratios for this detector. While the forward 
stripping ratios (α, β and  γ) appear to be in an acceptable range, bearing in mind 
the completely different peak to Compton ratios for the BGO detector and the less 
than ideal experimental conditions, the reverse stripping ratios (a, b and g) are 
orders of magnitude greater than ideal. This will have significant impact on any 
results reduced using a conventional stripping calculation. In particular, the 
potassium into uranium stripping ratio (g) indicates that the large potassium peak 
at 1.46MeV overlaps with the small uranium peak at 1.76MeV, and is likely to 
render it effectively undetectable in all cases, except where uranium 
mineralisation or the presence of mineral waste products result in an unusually 
large uranium peak, such as the example presented in Sections 6.5 and 6.6.7. The 
results from the Gariep Dam calibration line, presented in Section 6.6.6, on the 
other hand, show the inability of the BGO detector to resolve uranium anomalies 
at concentrations closer to the crustal average, particularly in the presence of a 
significant potassium peak.
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Table 6.5. Stripping ratios for the BGO detector, estimated from small “hot” sources, 
compared to ideal values for a conventional 16.8l NaI(Tl) detector pack (International 
Atomic Energy Agency 1991)
Stripping Ratio Value Ideal value for an NaI(Tl) detector
α 0.306 0.25
β 0.368 0.40
γ 1.17 0.81
a 0.55 0.06
b 0.0251 0
g 0.114 0.003
6.6.6 Gariep Dam Calibration Line
As no dynamic calibration range was available in South Africa at the time that the 
project was undertaken, an attempt was made to locate a suitable site. The ideal 
site would be one with homogenous radionuclide content over a sufficiently long 
line to allow calibration flights to be undertaken. It is also a requirement that the 
line be close to water, to allow the measurement of background radiation. Owing 
to the limitation imposed by the ultralight platform, in that it was not permitted to 
fly over the sea and the limited ferry distance, a possible calibration line was 
identified at the Gariep Dam (See Figure 6.35).
Unfortunately the site was found to be unsuitable for calibration, owing to 
excessive relief, in the vicinity of the proposed calibration line. It is feared that 
this would lead to spurious signals being received by the airborne spectrometer 
from topographic features on either side of the flight path. The calibration line 
which was identified was around 2km in length, which is less than the required 
8km (International Atomic Energy Agency 2003a). Within the local area, most 
land is private and fenced and therefore unsuitable for ground follow-up 
surveying, while suitable roads in the area are all constructed with aggregate, most 
likely local dolerite, which will shield ground gamma radiation from reaching the 
aircraft. Furthermore, survey data show significant variation in count rates along 
the flight line (See Figure 6.37). Nevertheless, the test survey flown at this site has 
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been used to provide a valuable comparison between the performance of the two 
detectors.
Table 6.6. New Machavie radiometric survey – data acquisition parameters
Flight line spacing Single line
Tie line spacing N.A.
Altitude Variable
Airspeed 130km/h (nominal)
Instrumentation  Geometrics Cs vapour magnetometer
 4.2 litre NaI(Tl) detector with 512 channel 
spectrometer (0-6MeV)
 0.3 litre BGO detector with 512 channel spectrometer 
(0-6MeV)
 Riedl Laser Altimeter
 Staloc Airstar GPS
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Figure 6.35. Potential calibration line identified at the Gariep Dam (See Appendix A for 
legend).
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Figure 6.36. Detailed locality plan for the Gariep Dam survey (See Appendix B for legend).
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Figure 6.37. Total count data over the proposed Gariep Dam calibration line, collected using 
the 4l NaI(Tl) detector at a nominal altitude of 30 m a.g.l. Note significant variations in count 
rate along the line.
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Data processing 
The calibration line at Gariep Dam was flown on the 8th of February 2002. The 
test line was flown at a range of altitudes from 30m to 250m. In the absence of 
conventional calibration facilities, the continuum removal technique was applied 
to the data from the calibration line. The initial part of this procedure is the 
application of NASVD. Figure 6.38 shows the first three components of the 
NASVD for this survey.
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Figure 6.38. Components 1-3 of the NASVD for the Gariep Dam survey for the NaI(Tl) and 
BGO detectors.
Components one and two appear to contain information related to the spectra, 
while components three onward contain the noise fraction of the data set.
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Comparing the results for the two detectors, it is significant that no uranium peak 
is visible for the BGO detector, while a small peak is seen (around channel 125 
with the NaI(Tl) detector). This peak is too small to be resolved with the BGO 
detector, due to the presence of a broader potassium peak and due to the lower 
resolving power of BGO (See Section 6.6.5). Figure 6.39 shows the coefficients 
of the first two coefficients of the NASVD over the entire survey.
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Figure 6.39. Coefficients of spectral components 1 (top) and 2 (bottom) for the Gariep Dam 
survey. The vertical dashed line shows the end of the flights at varying altitude over the 
calibration line and the start of the background flights above the dam.
Radiometric results 
Owing to the lack of a discernible uranium peak in the BGO data, it was not able 
to calculate stripped counts for the uranium channel using the continuum removal 
method. The results of the test flights over the Gariep Dam test line are shown on 
Figure 6.40. Each flight comprises approximately 1600 spectra, and is broken into 
4 segments over the survey line, separated by a segment flown over the dam to 
record background values. Each successive segment was flown at a higher flight 
altitude, resulting in a lower stripped count rate. The high countrate segment at the 
beginning of the flight represents the taxi and take-off run for the test flight. The 
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long background segment flown over water (Spectra 1600-~4000 on Figure 6.39) 
have been excluded on this plot, for the sake of clarity.
Comparison of results 
It is clear from the results obtained that the 0.3 litre BGO detector is unable to 
resolve the small uranium peak to be measured at Gariep Dam. The NaI(Tl) 
detector is able to resolve this owing to its higher energy resolution and the higher 
count rates obtained due to the increased detector area and volume. Even so, the 
results for uranium recorded using the NaI(Tl) detector over this area of average 
crustal concentration are noisy.
The potassium, thorium and total count data show a better signal to noise ratio 
using the NaI(Tl) detector than the BGO detector. This is to be expected, given 
the greater volume and larger surface area of this detector. 
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Figure 6.40. Potassium, uranium, thorium and total count data from successive lines over the 
Gariep Dam test line at increasing altitude and intervening background flight segments over 
water, using NaI(Tl) and BGO detectors. Note that no uranium values could be calculated 
for the BGO detector.
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6.6.7 Results from New Machavie Mine
To compare the results obtained with the two detectors over areas of elevated 
radioactivity, a test survey was conducted at the abandoned New Machavie Gold 
Mine near Potchefstroom (See Figure 6.41), using the survey parameters 
presented in Table 6.7. This mine has a tailings dam, waste rock dump and a 
known pollution plume, contaminated with uranium-enriched material. The 
orebody mined at this mine was in the Black Reef Formation, which is not part of 
the Witwatersrand Supergroup. This formation has however been reported as 
containing elevated uranium concentrations. The uranium levels have been 
measured in a number of ground-based surveys and have been found to be 
elevated above the local background, but are not as high as those found in the 
vicinity of some of the Witwatersrand mines.
Table 6.7. New Machavie radionuclide survey – data acquisition parameters
Flight line spacing 50m
Tie line spacing 500m
Altitude 50m a.g.l. (nominal)
Airspeed 160km/h (nominal)
Instrumentation  Geometrics Cs vapour magnetometer
 4.2 litre NaI(Tl) detector with 512 channel 
spectrometer (0-6MeV)
 0.3 litre BGO detector with 512 channel spectrometer 
(0-6MeV)
 Riedl Laser Altimeter
 Staloc Airstar GPS
Radiometric survey results 
The NASVD and continuum removal algorithms were applied to the data from the 
New Machavie Mine. Unlike the Gariep Dam survey, the site contains significant 
amounts of uranium daughters, and a uranium component could be easily 
identified in the NASVD spectral components for both detectors (See Figure 
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6.43), which allowed the determination of stripped countrates for the uranium 
channel. 
Figure 6.41. Locality of the New Machavie survey area (See Appendix A for legend).
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Figure 6.42. Detailed locality plan of the New Machavie survey area, showing the position of 
the mine and the surrounding drainage pattern (See Appendix B for legend).
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Figure 6.43. NASVD spectral components 1-4 (top to bottom) for the New Machavie BGO 
test survey. Note the presence of a uranium peak in the BGO data around channel 180.
The results of this analysis have been gridded at a 35m cell size. These are shown 
on Figures 6.44 to 6.51. All coordinates are given in the South African LO 
System, with central meridian 27E.
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Figure 6.44. BGO detector K data.
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Figure 6.45. NaI(Tl) detector K data.
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Figure 6.46. BGO detector U data.
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Figure 6.47. NaI(Tl) detector U data.
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Figure 6.48. BGO detector Th data.
-15000 -14500 -14000 -13500 -13000 -12500 -12000
-2953000
-2952500
-2952000
-2951500
-2951000
-2950500
-2950000
0
1
2
3
4
5
6
7
8
9
10
11
12
13
Figure 6.49. NaI(Tl) detector Th data.
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Figure 6.50. BGO detector Total Count data.
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Figure 6.51. NaI(Tl) detector Total Count 
data.
These results clearly indicate that the BGO detector is able to resolve uranium 
anomalies in areas of relatively high uranium concentration. The signal to noise 
ratio is however poor relative to the larger NaI(Tl) detector. A specific concern is, 
however seen in the thorium channel. With the BGO detector, the uranium 
anomaly over the mine residues and pollution plume can be clearly seen in the 
thorium channel (See Figure 6.48). These are not seen by the NaI(Tl) (See Figure 
6.49) detector and have also not been seen in a survey flown using conventional 
equipment (See Figure 7.13) and must therefore be regarded as spurious 
anomalies, likely to have arisen as a result of the poor energy resolution of the 
BGO detector, resulting in counts from the uranium photopeaks being counted in 
the thorium window.
6.6.8 Conclusions
A BGO based gamma ray spectrometer has been constructed and successfully test 
flown on a number of sites, in an ultralight aircraft. Also mounted in the aircraft 
was a 4.2 litre NaI(Tl) detector, to collect data for comparison purposes. It should 
be borne in mind that the BGO detector was significantly smaller than the NaI(Tl) 
detector, with a total volume slightly less than one quarter that of the NaI(Tl) 
detector. The BGO detector also had a significantly smaller surface area, which 
would have resulted in a lower flux of gamma rays into the detector. 
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Conventional calibration of the detector was not possible at the time of the survey, 
as the calibration pads at Lanseria had been demolished, rendering them 
unsuitable for quantitative calibration. As a result, a good stripping matrix could 
not be determined for the BGO detector, although this was attempted using small 
"hot" sources which were available at the Council for Geoscience. These 
estimated stripping coefficients allowed the identification of a problem inherent to 
BGO and other scintillation materials with poor energy resolution. The 
overlapping of the main photopeaks of interest results in unacceptably large 
reverse stripping ratios (a, b and g in equations 25 to 27 in Section 5.3.3). This in 
turn will decrease the signal to noise ratio in the stripped data. Furthermore, the 
poor energy resolution of the detector prevents the identification of small 
photopeaks, in particular the 1.764MeV uranium peak when uranium 
concentrations are around the crustal average as this peak is small and overlaps 
with the adjacent 40K peak at 1.46MeV. Nevertheless it was possible to extract 
stripped count rates from the BGO spectra, using the continuum removal 
technique described in Section 5.4.1 in cases where photopeaks were well defined. 
It was not however possible to calculate a stripped uranium countrate at normal 
crustal uranium concentrations. The poor energy resolution also appears to result 
in an inability to fully separate the uranium and thorium channels at high uranium 
concentrations.
Although a moderate degree of success was obtained surveying an area with high 
radionuclide concentrations, the poor resolution precludes the use of BGO as a 
detector material for general airborne surveying. The high cost3 of the material is 
also a significant factor to be taken into account when setting up an ultralight-
based system, with the emphasis on low-cost surveying.
3 The small BGO detector used in this study cost more than twice the price of the larger NaI(Tl) 
detectors used in the ultralight aircraft.
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6.7 Other scintillation materials 
Higher resolution scintillation materials, in particular BrilLanCe (Rosza et al. 
2006) may show promise in future, however suitably large detectors are not 
available in this material and the costs are extremely high. Figure 6.52 shows 
comparative spectra between BrilLanCe380 (LaBr3(5%Ce)) and NaI(Tl). Note the 
narrower peaks (higher energy resolution).
Figure 6.52. Comparison of thorium decay chain spectra for 76mm x 76mm cylindrical 
NaI(Tl) and BrilLanCe 380 (Rosza et al. 2006). 
Current testing of the material for use in borehole logging applications (pers. 
comm. R van Rensburg, 2007) has indicated that the resolution may be sufficient 
to resolve the 1.00MeV peak due to 234mPa in the 238U decay series. If this proves 
feasible, it could allow the determination of uranium series disequilibrium by 
gamma ray spectrometry, with a field or potentially airborne instrument. Further 
investigation of these new materials is, however, beyond the scope of this study.
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Chapter 7 Radiometric surveying in the vicinity 
of Witwatersrand gold mines
7.1 Gold and uranium mining in the Witwatersrand Basin 
Gold was first mined sporadically in the Witwatersrand, during the 1850s
(Antrobus 1986), however mining was largely limited to quartz veins and it was 
not until the discovery of the Main Reef on the farm Langlaagte in 1886 that 
large-scale gold mining could begin. The potential of the Witwatersrand as a 
source of uranium was identified in 1944, as part of the Manhattan Project (The 
United States’ programme to produce the first nuclear weapons during World War 
2), with production commencing soon after that (Winde 2006b). Eventually, south 
Africa became the world’s fourth largest uranium producer, with the bulk of the 
uranium produced as a by-product of gold by the Witwatersrand mines (Cole 
1998).
The Witwatersrand Goldfields comprise the entire area where gold is mined from 
sedimentary rocks of the Witwatersrand Supergroup, extending in an arc from the 
Free State Goldfields in the South West to the Evander Goldfield in the North 
East. Figure 7.1 shows the location of the goldfields, on a simplified geological 
map, with younger cover removed.
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Figure 7.1. Simplified geology and the location of the Witwatersrand Goldfields, with 
younger cover removed (Wilson and Anhausser 1998).
As a consequence of the uraniferous nature of the ore, Witwatersrand tailings and 
other mining residues often contain significantly elevated concentrations of 
uranium and its daughter radionuclides, with the decay series of 238U being 
dominant. (See Figure 2.1 for the decay series of 238U). In recent years, concern 
has been expressed about the potential for these radionuclides to contaminate the
natural environment, with a particular focus on the contamination of water
resources (Institute for Water Quality Studies 1995, 1999; Department of Water 
Affairs and Forestry 2003). 
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The elevated concentrations of uranium, relative to thorium and potassium in the 
ores simplifies the interpretation of survey data, with uranium being the dominant 
radioelement to study in Witwatersrand mining environments.
7.1.1 Radiometric surveying of the Witwatersrand Goldfields
Coetzee and Szczesniak (1993) proposed the use of airborne radiometric 
surveying as a tool for the detection and monitoring of radioactive pollution, or 
pollution streams with a radioactive component in the Witwatersrand Goldfields. 
Images such as Figure 5.40 provide a means to identify areas contaminated by 
gamma emitting radionuclides over and in the vicinity of Witwatersrand mining 
activities.
It should be remembered that airborne gamma ray detectors do not have the 
necessary sensitivity to detect dissolved radionuclides in water, but rather detect 
the much higher concentrations of radionuclides in mining waste materials and 
sediments contaminated either by eroded tailings or by the accumulation of 
radionuclides in sediments by precipitation and sorption from the dissolved phase 
(Wade et al. 2002). Other significant mechanisms which have been observed for 
the dispersal of radioactive mining waste materials into the environment are the
windblown dispersion of dust and the removal of mining waste material from 
mine sites for use as a construction material. Figure 7.2 shows a total count 
radiometric image from the Carletonville area, with clear signs of contamination 
of urban areas, most likely due to the use of mine waste materials for construction.
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Figure 7.2. Total count radiometric data from the Carletonvile area, using a Landsat ETM+
Band 8 image as a background. Note the elevated radioactivity levels covering the urban 
areas of Carletonville and Khutsong.
Portions of the Witwatersrand basin have been covered by routine surveys 
conducted by the Geological Survey of South Africa (now the Council for 
Geoscience) since 1958. Early survey data tend to be of poor quality, owing to 
small detector sizes, high airspeeds and altitudes, large line spacings and poor 
detail obtained from analogue recording and transcription systems. Since 1991, a 
number of high-resolution (≤200m line spacing) surveys have been flown. Figures
5.40 and 7.2 come from these surveys, with data collected during 1991 and 1993 
respectively. The striking features of data from these surveys have been the ability 
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to identify contamination plumes downstream of mining activities and the 
identification of contamination of urban areas.
7.2 Factors affecting the quantification of radionuclide 
contamination using airborne radiometric surveys 
A number of factors should be taken into account regarding the suitability of 
radiometric surveys for the study of pollution in the Witwatersrand goldfields or 
similar areas.
7.2.1 Natural background radiation
An airborne radiometric spectral measurement allows the determination of the
total gamma radiation emanating from the ground, as well as breaking this up into 
the contribution of various specific radionuclides. In the case of mining wastes, no 
radionuclides are present which do not occur naturally. It may therefore
reasonably be asked whether or not the anomalies recorded in mining areas are a 
result of mining activities or of natural background radiation.
This can be resolved using a number of approaches: 
Comparison between mining and non-mining areas 
The first and simplest is to look at local background radiation levels, recorded in 
areas where no mining has taken place and to compare these to the radiation levels 
recorded over mining areas. In most cases, the radiation levels over mining areas 
significantly exceed the natural background levels, clearly demonstrating that they 
cannot be ascribed to background radiation. This is clearly evident on Figure 7.2, 
with the highest count rates being limited to the mining areas and urban areas 
contaminated due to the use of mined material for construction. In some cases (see 
Figure 5.40) downstream contamination plumes can also be seen in river channels 
and wetland areas, with activity levels higher than the surrounding 
uncontaminated areas.
209
Much of the published work on river sediment contamination due to 
Witwatersrand gold mines has focussed on the dolomitic areas of the Far West 
Rand, in particular the Wonderfonteinspruit Catchment. For these areas a 
background sampling point has been identified in the Klerkskraal Dam, on 
another tributary of the Mooi River, located to the north of Potchefstroom. A 
uranium concentration of 0.25ppm has been measured at this site (Wade et al. 
2002). This must be compared with concentrations in the river sediments of the 
Wonderfonteinspruit which can exceed 1000ppm in places (Wade et al. 2002; 
Coetzee et al. 2006). This value exceeds the concentration in most of the mine 
tailings in this area, suggesting that uranium is concentrated in the river 
sediments, most likely by sorption processes.
The total count data presented on Figure 7.3 show an example where the anomaly 
related to the mine and its runoff display generally higher count rates than the 
adjacent anomaly due to naturally occurring radioactivity.
Uranium/thorium ratio calculations 
The anomalous ratio between uranium and thorium in the Witwatersrand ores may 
be used diagnostically to identify areas contaminated with waste materials from 
Witwatersrand gold mining activities. Chevrel and Coetzee (2000) have shown 
how the selection of a suitable ratio allows the separation of the mining signal 
from the natural background signal. The gold ores of the Witwatersrand contain 
an appreciable uranium concentration, occurring primarily as detrital uraninite
(Cole 1998). The thorium concentrations are however generally similar to those of 
the surrounding rock. The mining, milling and processing from these operations 
wastes therefore are significantly elevated in uranium-series radionuclides, 
relative to thorium-series radionuclides. When the eU3O8/eThO2 ratio is mapped, 
it identifies areas contaminated with the wastes of these mining operations, even 
where the total radioactivity is not significantly elevated. The source material for 
these anomalies consists of both eroded material, typically mine tailings and 
precipitates from contaminated solutions (Wade et al. 2002; Coetzee et al. 2006).
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The ratio of stripped counts in the uranium channel to that in the thorium channel 
has been calculated for the survey data covering the New Machavie Gold Mine 
(See Section 6.6.7) The shaded area on Figure 7.3 covers the area where this ratio 
exceeds a value of 0.5 and clearly outlines the tailings dam, as well as two plumes 
leading south from this tailings dam. Note that the western plume, identified using 
this method has relatively low total counts, around 800 counts per second, but is 
still coherently identified by the calculated ratio. Note also that the anomaly to the 
west of the mine is not identified by this ratio, even though it has an elevated 
count rate.
This method is of particular use in determining the environmental footprint of 
mining activities, as it identifies those areas affected by mining, as opposed to 
those areas where mining, or some other cause, has resulted in elevated ground 
radioactivity.
Figure 7.3. Total count radiometric data covering the New Machavie Gold Mine near 
Potchefstroom. The shaded area shows all areas with a Ustripped counts/Thstripped counts ratio 
greater than 0.5.
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7.2.2 Secular equilibrium and disequilibrium
It is not expected that the uranium and thorium decay series will be in secular 
equilibrium in environments disturbed by human activities such as mining. 
Coetzee and Szczesniak (1993) have reported that the uranium content of tailings 
dams on the East Rand with a radiometrically determined equivalent uranium 
grade of approximately 50-100ppm was below the detection limit for x-ray 
fluorescence analysis (~3ppm). On the other hand, river sediments with a similar 
radiometrically determined equivalent uranium concentration from the Far West 
Rand have been shown to have uranium concentrations of up to 900ppm (Coetzee 
and Ntsume 2006).
In the environment it is possible for the decay series of uranium and thorium to be 
broken apart by geochemical processes, which favour the dissolution and 
transport of one or more of the components of the decay series over another. For 
example, radium is only mobile under acidic conditions, while uranium can be 
mobilised under both acidic and basic conditions. Acid mine drainage produced in 
a tailings pile would therefore tend to dissolve both uranium and radium. If this 
water were to enter the environment and the pH were to rise due to interactions 
with carbonate minerals, radium would tend to precipitate out of solution, while 
uranium could remain in solution. In this case, the radium in the precipitate would 
decay, allowing 214Bi to grow in the solid phase, without any uranium being 
present. The ingrowth of 214Bi will take several times the half-life of the longest 
lived radionuclide in the chain between 226Ra and 214Bi (International Atomic 
Energy Agency 2003a). This is 222Rn, with a half life of 3.8 days. The 
achievement of this local secular equilibrium is therefore expected to take a period 
of about one month, which is much less than the timescales involved in mining 
and environmental contamination. The immediate progeny of 222Rn will achieve 
secular equilibrium in about 4 hours (WSLH Environmental Health Division).
The half-life of 226Ra is 3106.1  years, which is short enough to allow this
ingrowth of its daughters, but long enough to maintain effectively constant 
activity of the timescales involved in mining in the Witwatersrand. The measured 
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activity of 214Bi, which is recorded in radiometric surveys can therefore be used to 
predict the activity of 226Ra, but not 238U.
Another source of disequilibrium is the loss of 222Rn, an inert gas and the 
immediate daughter of 226Ra. If some radon is lost to the atmosphere, the activity 
of 214Bi which is recorded from the soil will be lower than the activity of 226Ra. 
This places an additional qualification on the activity measured in airborne 
radiometric surveys over contaminated areas, in that the determined activity in 
fact can only give a minimum value for the activity of 226Ra, as some radon may
have been exhaled from the surface material before it could decay to its progeny.
7.2.3 Geometric considerations
Pitkin and Duval (1980) define the circle of investigation of an airborne gamma 
ray spectrometer as the area from which an airborne instrument will integrate 
gamma rays. For the altitudes utilised in a typical airborne survey over mining 
areas, the radius of this circle is several tens to hundreds of metres. In addition to 
this, the movement of the aircraft blurs this by a further 30-50m during a 1 second 
counting period, given a ground speed of 30-50m/s (this airspeed will be higher 
for larger aircraft). As a result of this, a typical measurement will integrate all the 
radioactivity for an area with dimensions of the order of 100-150m by 150-200m. 
If the target dimensions are smaller than this, the site will be registered as having 
a lower activity over a wider area.
In a conventional calibration, the sensitivity of the system is determined by flying 
over an effectively infinite homogeneous source. Clearly for a localised source, 
such as a contaminated river course, this is not the case. Airborne radiometric 
measurements over non-infinite sources, such as those found in many 
environmental contamination scenarios will therefore tend to underestimate the 
activity of localised sources (see Figure 7.4).
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Figure 7.4. Intersection of a radioactivity source with limited spatial extent, such as a 
contaminated river course, and the “footprint” of an airborne gamma ray spectrometer.
7.2.4 Depth of investigation
Unlike many geophysical methods, the airborne radiometric method looks only at 
the surface and extremely near-surface environment. Even a few centimetres of 
soil cover or dense vegetation can significantly attenuate the radiation coming 
from sources in the ground (International Atomic Energy Agency 2003a). The 
radiometric method therefore maps the surface expression of any pollution plumes 
and not the plume in total. This too can result in errors in the investigation of the 
surface activity levels.
Similarly, soil water can lead to attenuation in anomaly strength, and inundated 
areas, such as wetlands can result in total shielding of radioactivity from stream 
sediments. Since the contamination of stream sediments is a particular concern in 
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the Witwatersrand, this must be borne in mind in radiometric survey planning and 
the interpretation of radiometric surveys.
7.2.5 The use and validity of the airborne radiometric method in 
Witwatersrand mining environments
The preceding paragraphs have demonstrated that there are a number of 
limitations to the quantification of environmental radioactivity using airborne 
survey methods. It should be noted, however, that all of these limitations preclude 
the quantification of 238U and result in an underestimation of the total activity of 
226Ra in the environment. Any airborne radiometric measurement that exceeds a 
regulatory or other limit can therefore be assumed to represent a ground source 
which exceeds that limit.
The strengths of the method lie in the following:
1. Airborne radiometric surveying provides full coverage of the ground 
surface, allowing the identification of all significant anomalous sources. 
No ground-based method can do this, unless an entire site is surveyed with 
a station spacing of typically 1-2m along lines spaced 1-2m apart.
2. Contaminated sites in mining environments tend to contain a suite of 
inorganic contaminants, which often occur in close spatial proximity. The 
delineation of contaminated areas within a mining environment allows 
focussed investigation of mine-related contamination.
3. The ability to produce images allows the easy integration of radiometric 
data with other spatial data, for example the combination with satellite 
imagery shown in Figures 5.40 and 7.2 (See also Chevrel and Coetzee 
(1997) or Coetzee et al. (2002) for examples of the integration of airborne 
radiometric data into a GIS). 
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4. Airborne data collection is relatively cheap, compared to ground 
surveying. The ultralight mounted systems used in this study are able to 
survey sites on the scale of individual mines in an extremely cost-effective 
manner. The activities recorded are typically sufficient for detection by the 
smaller detectors mounted in these aircraft, notwithstanding the poorer 
signal to noise ratios recorded. The ability to fly lower and slower also 
allows a better spatial resolution of anomalous areas.
7.3 Risk factors related to pollution 
In any pollution scenario, it is important to understand the risk posed by the 
pollution to the local human population, as well as to the natural environment. 
Unfortunately, little information is available regarding the risk to non-human 
species due to radionuclides, particlarly at low levels, and the assumption is 
commonly made that effective management of the risk to humans will protect the 
environment. The ecotoxicity of radionuclides is currently in the early stage of 
investigation and quantification by the International Commission on Radiological 
Protection (ICRP) (pers. comm. A Joubert, 2007).
Together with the radioactive pollutants, a non-radioactive chemical pollution 
stream enters the environment. The airborne radiometric method may be used to 
map the dispersal of pollution, detecting the radioactive components of the waste 
stream, at the same time locating the entire pollution stream, both radioactive and 
non-radioactive. This is one of the few remote methods which can directly detect 
pollution.
Pollution related to Witwatersrand mines poses a number of hazards to 
surrounding communities. The major primary pathways by which contamination 
can enter the environment from a mine site are the airborne pathway, where radon 
gas and windblown dust disperse outwards from mine sites, the waterborne 
pathway, either via ground or surface water or due to direct access, where people 
are contaminated, or externally irradiated after unauthorised entry to a mine site, 
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by living in settlements directly adjacent to mines or in some cases, living in 
settlements on the contaminated footprints of abandoned mines. 
7.3.1 Non-radioactive hazards
In Witwatersrand gold mines, uranium remains in its natural isotopic state in all 
processes, i.e. the natural ratio between 235U and 238U remains the same, as is to be 
expected in all cases where isotopic enrichment of uranium is not undertaken. In 
such cases, the chemical toxicity of uranium is generally the primary source of 
risk to the public (UNSCEAR 1998), and risks should be assessed in this light. 
Based on consideration of the chemical toxicity of uranium, Coetzee et al. (2006)
have identified uranium as the primary source of public hazard in the water of the 
Wonderfonteinspruit on the Far West Rand goldfield, while studies performed by 
the Department of Water Affairs and Forestry (Department of Water Affairs and 
Forestry 2003; Institute for Water Quality Studies 1999) have found that most 
waters in the Wonderfonteinspruit and Klip River catchments are of an acceptable 
radiological quality for the drinking water pathway. A recent study of radiological 
risk has however identified significant risks to the public in the 
Wonderfonteinspruit catchment due to irrigation, stock watering and other
pathways (National Nuclear Regulator 2007) Together with uranium, a number of 
other metals present in the gold ores are found in the waste streams and may pose 
a threat to public health. Coetzee and Ntsume (2006) identify Co, Zn, As and Cd 
as exceeding European Union recommended public safety levels (ANTEA 2000)
in soils in the Wonderfonteinspruit catchment. While the airborne radiometric 
method cannot directly detect these non-radioactive components, it is able to 
identify and locate the contamination plumes resulting from mining, where this 
suite of contaminants may be found.
7.3.2 Airborne risk pathway
The two risks on the airborne pathway will be due to airborne radon and 
windblown dust. There is currently little publicly available data on either of these 
contamination pathways for the Witwatersrand Gold Mines. However it could be 
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expected that the most hazardous areas will be those in close proximity to mine 
residue deposits or other large concentrations of radioactive material.
It should also be borne in mind that one of the primary pathways for the intake of 
dust is by ingestion, rather than inhalation (pers. comm. W.I. Manton). A 
significant volume of research has been performed regarding the intake of lead by 
children on contaminated sites. This can be used to derive realistic rates of dust 
ingestion for the determination of risk due to uranium in dust. The Technical 
Review Workgroup for Lead of the United States Environmental Protection 
Agency (1999) has published guide values for the ingestion rates of dust by 
children, which are typically of the order of 0.1g per day although this can be 
increased by an additional 0.2g per day for certain recreational land-uses (United 
States Environmental Protection Agency). A conservative value of 0.3g per day 
can therefore be used for dust ingestion. The World Health Organisation (2005)
recommends Tolerable Daily Intake (TDI) for Uranium of 0.6μg/day per kilogram 
of body weight, based on chemical toxicity. At a uranium concentration in 
windblown tailings of 50μg/g (ppm) a 20kg child consuming 0.3g of dust would 
therefore ingest 30μg of uranium, which, normalised to body weight would come 
to 0.75μg/kg/d, exceeding this recommended rate of intake. A World Health 
Organisation study (2001) on the toxicity of depleted uranium has come to similar 
conclusions and has calculated the radiological dose which would be associated 
with ingestion of a similar amount of uranium at around 10μSv/a, which is much 
less than the South African public dose limit of 1mSv/a. The radiotoxicity of 
ingested uranium in windblown dust is therefore significantly lower than the 
chemical toxicity. Other radioactive components of the dust may still have to be
considered from a radiological viewpoint. 222Rn in air may however constitute a 
radiological risk to nearby communities.
The airborne radiometric method is extremely valuable in this regards as, although 
it cannot directly determine uranium concentrations, it can identify areas which 
are likely to generate airborne dust plumes and, in some cases, map dust fallout 
plumes. Although the ultralight system has no means for the measurement of 
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airborne radon, anomalous areas in Witwatersrand mining areas and their 
surrounds, identified in airborne surveys, are likely to be radon sources.
7.3.3 Water-borne risk pathway
The contaminant species mentioned in 7.3.1 can be transported in both the 
groundwater and surface water systems, and may be used by communities 
downstream of the mining activities. While the airborne radiometric method does 
not have the sensitivity needed to detect radionuclides in the water, these may be 
sequestered in deposited sediment and precipitated or sorbed material within river 
sediments. These deposits give rise to anomalies which follow river courses of the 
type shown on Figure 5.40.
In addition to the dissolved contamination stream, significant volumes of mine 
tailings and other solid wastes are eroded from their repositories and transported 
into river courses, where they may travel as suspended load, be deposited and be 
resuspended. Contamination pathways would be via the ingestion of suspended 
sediment either by humans or by livestock or via the dissolution of contaminant 
species from suspended or deposited sediment (See Figure 7.38). 
In the case of groundwater, the airborne radiometric method generally does not 
have sufficient depth penetration to detect the migration of contamination plumes. 
One exception to this rule is the relatively common case of shallow perched water 
tables which are recharged by tailings deposits. In these cases, water is drawn to 
the surface by capillary action, where evaporite minerals such as gypsum are 
formed in crusts (see Figure 7.5). These concentrate uranium and radium (Winde 
2006a) and may give rise to radiometric anomalies which are large enough to be 
detected from the air.
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Figure 7.5. Gypsum efflorescence formed by the capillary rise and evaporation of 
groundwater below a tailings dam on the Rand Leases Gold Mine property.
7.3.4 Direct access pathway
Direct access to mine sites may also expose the public to risk due to direct 
external gamma radiation, inhalation and ingestion of radionuclides and 
chemotoxic metals, as well as the physical dangers inherent to mining sites. To 
limit the risk due to external gamma radiation, the Chamber of Mines uses a 
guideline that each tailings deposit should have a 500m buffer zone surrounding 
it, where no human settlement is allowed (pers. comm. D Wymer). In many cases, 
however, this guideline is not adhered to in the development of new settlements 
(See Figure 7.6).
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Figure 7.6. Google Earth image of a portion of Kagiso township, built within the 500m buffer 
zone surrounding a slimes dam.
The direct gamma radiation risk due to any source can be quantified, using 
conversion factors between radioelement concentrations and radioactive dose. A 
number of quantities need to be defined to relate the more familiar geochemical 
quantities traditionally calculated from radiometric survey data. These definitions 
are given by the International Atomic Energy Agency (2003b) as follows:
 Exposure is the ionising power of electromagnetic radiation in air.
 Exposure rate is the time derivative of exposure.
 Absorbed dose, measured in Gray (Gy), is the energy imparted by 
radiation to a unit mass of irradiated matter.
500m Buffer
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 Absorbed dose rate is the time derivative of the absorbed dose. In the 
case of terrestrial gamma radiation, this is usually presented as the gamma 
dose rate in air, expressed in nGy/h (nano-Gray per hour).
 Equivalent dose expresses the biological effects of radiation on tissue and 
organs. This allows an estimate of the likely effect on the local population. 
This is expressed in Sieverts (Sv)
 The effective dose expresses the sum of doses from different sources on 
different organs. For environmental gamma radiation, this is estimated as:
6107.0  tDE a 56
Where E is the effective dose, aD is the absorbed dose rate (in nGy/h), t is 
the duration of the exposure and 0.7 is the conversion coefficient for human 
organs (Sv/Gy) (UNSCEAR 1998). The factor 10-6 converts the units of 
nGy to mSv, the more usual unit for the expression of radiation doses to the 
public. For the limitation of doses to the public, a guideline limit of 1mSv/a 
due to the sum of all anthropogenic doses is generally applied (International 
Atomic Energy Agency 2003b). The National Nuclear Regulator of South 
Africa may apply a limit of 0.25mSv/a for a single source of dose or single 
pathway (pers. comm. T Pather).
The International Atomic Energy Agency (2003a) also provide conversion 
coefficients which may be used to calculate doses from radiometrically measured 
radioelement concentrations. This are presented in Table 7.1
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Table 7.1. Conversion coefficients for the calculation of radiation doses from radioelement 
concentrations
Radioelement 
concentration
Exposure Rate 
(μR/h)
Dose Rate (nGy/h) Effective dose 
(mSv/a)4
1% K 1.505 13.078 0.080
1ppm U 0.653 5.675 0.034
1ppm Th 0.287 2.494 0.015
Table 7.2 presents calculated doses for various rock types, as well as high and low 
equivalent uranium Witwatersrand tailings. The estimated equivalent dose rates 
for full-time occupancy on these is in excess of the dose limit of 1mSv/a. It should 
be remembered that this estimate assumes that a person is standing or living on 
top of a tailings dam, and not merely living in the vicinity of the tailings dam, or 
occasionally gaining access to contaminated areas of the mine site. It does 
however provide an alert that under certain circumstances, the dose rates which 
could result from direct access to a Witwatersrand mine site could be significant 
and that the dose rates in the vicinity of Witwatersrand tailings and other forms of 
contamination can be significantly higher than those generally recorded in the 
natural environment.
4 Assuming continuous exposure for 1 year
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Table 7.2. Radiation dose rates for global mean concentrations of various rock types 
(Turekian and Wedepohl 1961) and a range of Witwatersrand mine tailings (Concentrations 
from Winde (2006b)
K U Th
Exposure 
Rate 
(μR/h)
Dose Rate 
(nGy/h)
Equivalent Dose 
Rate (mSv/a)
Continental 
crust 2.5 2.5 13.0 9.13 79.30 0.49
Ultrabasic 0.04 0.001 0.004 0.01 0.05 0.00
Basaltic 0.8 1.0 4.0 3.05 26.51 0.16
Hi-Ca 
Granitic 2.5 3.0 8.5 8.19 71.18 0.44
Lo-Ca 
Granitic 4.2 3.0 17.0 13.16 114.35 0.70
Syenites 4.8 3.0 13.0 12.91 112.22 0.69
Shales 2.7 3.7 12.0 9.86 85.71 0.53
Sandstones 1.1 0.5 1.7 2.39 20.79 0.13
Carbonates 0.3 2.2 1.7 2.33 20.26 0.12
Deep-sea 
Carbonate 0.3 0.1 1.0 0.79 6.85 0.04
Deep-sea Clay 2.5 1.3 7.0 6.62 57.53 0.35
Low-eU5
Witwatersrand 
Tailings 3.0 30.0 15.0 28.41 246.89 1.51
High-eU 
Witwatersrand 
Tailings 3.0 300.0 15.0 204.72 1779.14 10.91
5 The quantity determined during radiometric surveys i.e. equivalent uranium, or the uranium 
concentration that would be determined is 238U and 214Bi were in secular equilibrium, has been 
used here. This would generally imply that the source of the tailings is an orebody with a relatively 
high uranium concentration. This uranium may be in the tailings, may have been leached into the 
surface or groundwater or may have been commercially extracted in a uranium plant.
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7.3.5 Airborne radiometric surveying as an environmental monitoring 
tool
Airborne radiometric surveys have been successfully applied to the detection of 
radioactive pollution in the Witwatersrand goldfields (Coetzee and Szczesniak 
1993; Chevrel and Coetzee 2000), but little work has been done on the 
applicability of airborne surveying to the routine monitoring of radioactive 
pollution. Possible applications include:
 Assessing the development of downstream pollution plumes over time. 
Over time, plumes may grow in size, as pollution impacts further and 
further downstream and in amplitude, as radionuclides accumulate in the 
environment (See Figure 5.40).
 Assessing the success and impact of mine rehabilitation activities. Where 
contaminated areas are covered and revegetated, a reduction in gamma 
radiation from the ground is to be expected. Repeated surveys over a 
period of several years will be able to assess the success of such 
rehabilitation measures as well as determining their sustainability over 
time. Figure 7.7 shows an example where a slimes dam was rehabilitated
by covering with soil and grassing between 1993 and 2005, resulting in a 
significant decrease in the total count signal emanating from it.
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(a) (b)
Figure 7.7. Total count data from a portion of the Far West Rand goldfield surveyed in (a) 
1993 and (b) 2005 (red denotes areas with higher levels of radioactivity). Note the significant 
decrease in radioactivity of the slimes dam marked with a *, owing to closure and 
rehabilitation of the site.
 Monitoring of changes in the environment.
Given the low cost of surveying and the ability to effectively monitor small areas 
at high resolution, ultralight aircraft based systems are ideally suited to routine 
environmental monitoring on a mine-scale.
7.3.6 The use of ultralight aircraft based systems
Ultralight aircraft based systems have a number of advantages and disadvantages 
for this type of surveying. Advantages include:
 The lower cost of mobilisation and operation of the aircraft makes the use
of an ultralight attractive.
 The suitability for small surveys (<1000 line km) is an advantage where a 
survey may cover only the lease area of a single mine and its immediate 
environs. Larger aircraft have been found to be better suited to larger scale 
surveys.
* *
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 The ultralight’s ability to fly lower and slower than a conventional aircraft 
can produce survey data with a better spatial resolution. This was 
particularly true of the Streak Shadow aircraft, which was able to fly at 
around 100km/h.
The disadvantages of the system can be divided into two categories. The first 
relates to the operational aspects of the aircraft, primarily the inability to operate 
in windy conditions and the limited ferry range of the aircraft. The second are the 
problems related to poor signal to noise ratios recorded when surveying with 
small detectors. This issue can be addressed via the noise reduction methods 
described in Chapter 5. It should also be remembered that the anomalies of 
interest in the vicinity of Witwatersrand mines tend to be of sufficient amplitude 
to be easily resolved with a small detector and are dominated by gamma rays from 
the decay of 214Bi. The total count channel can therefore generally be used for the 
identification of anomalous areas within a survey area, which will in any case 
require ground follow-up.
7.4 Radiometric data covering the New Machavie Gold 
Mine, and related ground follow-up results 
7.4.1 Radiometric results
A radiometric survey of the abandoned New Machavie gold mine was undertaken, 
with the aim of identifying possible contamination plumes on the site and of 
investigating the use of the site as a test site for small airborne geophysical 
surveys. Data were collected, using the survey parameters presented in Table 6.6, 
in a single flight and processed as follows:
 NASVD noise reduction was applied to the spectra.
 “Stripped” count rates were determined for 40K, 214Bi and 208Tl, using the
continuum removal method (See Section 5.4.1).
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 The results were gridded with the minimum-curvature method at a grid 
cell size of 35m, using the Golden Software Surfer 7.0 software package
A survey over the same area was flown using a conventional 16l NaI(Tl) system. 
The results of these two surveys are presented on Figures 7.8 to 7.15. 
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Figure 7.8. Ultralight survey K data.
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Figure 7.9. Conventional survey K data.
-14500 -14000 -13500 -13000 -12500 -12000
-2953000
-2952500
-2952000
-2951500
-2951000
-2950500
-2950000
-3
-2
-1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
Figure 7.10. Ultralight survey U data.
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Figure 7.11. Conventional survey U data.
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Figure 7.12. Ultralight survey Th data.
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Figure 7.13. Conventional survey Th data.
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Figure 7.14. Ultralight survey Total Count 
data.
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Figure 7.15. Conventional survey Total 
Count data.
A number of general trends can be observed in the data.
 The ultralight data are noticeably noisier than the data collected with the 
conventional system. This is to be expected, owing to the greater signal to 
noise ratio that can be obtained using the larger detector in the 
conventional aircraft.
 The anomalies recorded using the ultralight system appear to have better
spatial resolution than those recorded using the conventional system. 
Figure 7.16 shows a comparison between profiles extracted from the 
gridded ultralight and conventionally collected data. Note that the 
anomalies recorded by the ultralight system have a higher relative 
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amplitude and narrower width than those extracted from the 
conventionally collected data.
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Figure 7.16. Comparison of a profile extracted from the gridded ultralight and conventional 
total count data. The map shows the position of the profile line.
 The spatial continuity of lower amplitude anomalous areas is better in the 
conventionally collected data. This is to be expected, owing to the lower 
signal to noise ratio, which should make it easier to detect lower intensity 
anomalies.
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7.4.2 Inter-channel relationships
Owing to the similarity of the uranium channel and total count results, it may be 
useful to examine the dependency of the total count data on each of the 
radioelement channels. These relationships are plotted on Figures 7.17 to 7.19. A 
good correlation is seen between the “stripped” uranium count rate and the total 
count channel, suggesting that the 238U decay series, in particular 214Bi, is the 
major source of gamma radiation for this survey area. The correlations between 
the potassium and thorium channels and the total count channels are poor, 
although a correlated portion can be seen in the relationship between thorium and 
total counts (See Figure 7.19), suggesting that in at least a portion of the dataset, 
the thorium content makes up a significant portion of the total radioactivity.
This is likely to be a site specific or area specific effect. In other areas, it is 
unlikely that this type of correlation would exist. For example, in the data 
presented over the Steenkampskraal mine (See Section 5.2.5), a better correlation 
would be expected between the thorium and total count channels. It is 
nevertheless likely that this relationship could be used in most, if not all, 
Witwatersrand mining areas, and that the total count channel, with its better signal 
to noise ratio could be used as a proxy for the uranium-series contaminants. A 
similar relationship has been identified for uranium deposits in palaeochannels 
within Karoo sediments (Campbell 2007).
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Figure 7.17. Relationship between the potassium count rate and total counts for the New 
Machavie survey.
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Figure 7.18. Relationship between the uranium count rate and total counts for the New 
Machavie survey.
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Figure 7.19. Relationship between the thorium count rate and total counts for the New 
Machavie survey.
7.4.3 Identification of radionuclides in field samples
Twenty three samples were collected on site in the field (pers. comm. J Larkin)
and analysed using the High Purity Germanium (HPGe) semiconductor detector 
equipped gamma ray spectrometer at the Schnland Centre at the University of 
the Witwatersrand. This type of spectrometer has an energy resolution much 
higher than the scintillation detectors used in airborne systems, allowing the direct 
identification of radionuclides from their gamma ray emissions, without the 
interfering effects of nearby peaks or the loss of resolution of smaller peaks 
caused by the poor energy resolution of the detector. These features can be seen in 
Figure 7.20.
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Figure 7.20. Sum of the twenty six spectra recorded from sediment samples collected on the 
New Machavie mine site.
This type of spectrum allows estimation of the relative abundances of various 
radionuclides and could allow the estimation of the degree of disequilibrium of 
the uranium series on this site contaminated with mine waste. Figure 7.21 shows 
the spectrum recorded on a sample of mine tailings from the New Machavie Mine 
in the vicinity of the 0.6093 MeV 214Bi peak and the 1.001MeV 234mPa peaks. 
Unfortunately, the count rate for 234mPa is insufficient to allow the precise 
determination of uranium series disequilibrium using these spectra.
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Figure 7.21. HPGe spectra from a tailings sample collected at New Machavie Mines, showing 
the spectrum in the vicinity of the 0.609 MeV 214Bi peak and the 1.001MeV 234mPa peaks.
The high resolution also allows the separation of the 214Bi and 137Cs peaks at 
0.609 and 0.661MeV respectively. This will allow an estimate to be made of the 
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significance of the 137Cs peak for radiometric surveying in South Africa. 137Cs is a 
by-product of nuclear fission. Large areas of the Northern hemisphere have been 
contaminated largely by atmospheric nuclear testing during the 1950s and 1960s 
and the Chernobyl disaster of 1986.
Figure 7.22 shows the presences of a peak due to 137Cs recorded from a sample
collected at the New Machavie Mine. 
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Figure 7.22. HPGe spectrum from soil sample SS20 in the energy range 600-700keV, showing 
the presence of 214Bi and 137Cs peaks at 609.3 and 661keV respectively. Spectrum SS11 
shows no sign of 137Cs contamination.
The presence of this radionuclide suggests that the contamination of the earth's 
surface by fallout from nuclear testing and the Chernobyl accident is not limited 
to the Northern Hemisphere. Looking at the relative size of the two peaks, it 
should be borne in mind that the site is contaminated with waste from the mining 
of an ore with a significantly elevated uranium concentration and that the relative 
contribution of 137Cs could be significant in areas of lower 214Bi activity.
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7.5 Results of a survey in the Florida area, west of 
Johannesburg 
Large parts of the Witwatersrand goldfields lie within urban areas. This is 
particularly true of the Central, West and East Rand Goldfields, where 
Johannesburg and the surrounding cities grew in response to the discovery of gold 
and the development of the gold mining industry. Urban areas pose specific 
logistical problems to airborne geophysical surveying, as it is neither safe nor 
permitted to fly at the low altitudes typically used for high-resolution airborne 
radiometric surveying.
Figure 7.23. Location of the Florida survey (See Appendix A for legend).
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Figure 7.24. Location of the Florida Lake survey area (See Appendix B for legend).
7.5.1 Radiometric results
Survey data were collected from the abandoned mining area between Florida Lake 
and Fleurhof Dam, west of Johannesburg (See Figure 7.23), with the aim of 
identifying contaminated sediments as part of an environmental assessment of the 
area (See Figure 7.24). The data were collected using the 4.2 litre NaI(Tl) system 
described in Chapter 3, mounted in a Jabiru Ultralight aircraft (See Figure 3.5), 
using the same survey parameters as were used for the survey at New Machavie 
Mine (See Table 6.6), although it proved impracticable to maintain the nominal 
altitude. Unfortunately, owing to the urban development within the area it was not 
possible to collect data at low altitude. The data were therefore collected at 
altitudes between 197m and 360m, with a mean of 279m above ground level. This 
needs to be seen in contrast to the typical survey altitudes of around 50m for 
ultralight surveys. Data were collected in a single flight and processed as follows:
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 NASVD noise reduction was applied to the spectra.
 “Stripped” count rates were determined for 40K, 214Bi and 208Tl, using the 
continuum removal method.
 Owing to the extreme variations in altitude, the empirical altitude 
correction method of Braginskaya and Zubov (1998) was applied, as 
described in Section 5.5.
 The results were gridded with the minimum-curvature method, using the 
Golden Software Surfer 7.0 software package at a grid cell size of 50m.
These data are presented on Figures 7.25 to 7.28. 
It is clear from the images of the data that under such difficult survey conditions, 
the ultralight is unable to produce high-quality data, with poor signal to noise 
ratios being evident in all four channels. In contrast with the data collected at 
lower altitude at the New Machavie Mine, the ultralight mounted radiometric 
system used for this survey was not able to resolve variations in potassium or 
thorium, only detecting the variations in uranium and the variations in total counts 
which occur as a result of the high uranium content in the areas contaminated by 
mining activities. Even the total count data appear noisy, indicating that the small 
detector is unsuitable for the high flight altitudes used in this survey. Interestingly, 
the higher engine power of a larger aircraft would provide a greater safety margin 
than that of the ultralight and could potentially allow a survey over an area such as 
this to be flown at a lower altitude. The larger detectors carried in a conventional 
system would also provide a better signal to noise ratio.
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Figure 7.25. Ultralight survey K data (as “stripped” count rate).
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Figure 7.26. Ultralight survey U data (as “stripped” count rate).
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Figure 7.27. Ultralight survey Th data (as “stripped” count 
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Figure 7.28. Ultralight survey Total Count data.
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7.5.2 Relationship between the element channel count rates and total 
counts for the Florida survey
A similar analysis of the relationship between the individual radioelement (as 
stripped count rates, calculated using the method described in Section 5.4.1) and 
total count channels has been performed for data from the Florida radiometric 
survey. These relationships are shown on Figures 7.29 to 7.31. A similar 
relationship is seen to the case at New Machavie Mine (See Section 7.4.2), with a 
good correlation between the uranium and total count channels and poor 
correlations between the other two element channels and the total count channel.
In this case, as was the case at New Machavie, the total count data could be used 
as an indicator of areas contaminated by mining. Contrasting the relationship 
between the thorium and total count channels for this survey and the New 
Machavie survey (as shown on Figures 7.19 and 7.31), it can be seen that, unlike 
the case at New Machavie, in this survey area, thorium made no significant 
contribution to the total count channel, with uranium the only significant 
contributor.
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Figure 7.29. Relationship between the potassium count rate and total counts for the Florida
survey.
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Figure 7.30. Relationship between the uranium count rate and total counts for the Florida 
survey.
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Figure 7.31. Relationship between the thorium count rate and total counts for the Florida 
survey.
7.6 NASVD spectral processing of radiometric data from 
the Witwatersrand goldfield 
During the processing of the data from the New Machavie Mine and the Florida 
area, NASVD was used as a noise reduction tool only. This method may however 
be used for the identification of unique or diagnostic spectral components, if they 
are present (Hovgaard 1997). In this approach, the NASVD spectral components 
are examined and may be interpreted as having physical meaning. This approach 
has been applied to the data collected at these two sites in the Witwatersrand 
goldfield.
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7.6.1 NASVD spectral component mapping at the New Machavie mine 
site
The first three NASVD spectral components from the data collected at the New 
Machavie mine are presented on Figure 7.32.
0 1 2 3
Energy (MeV)
-0.2
-0.16
-0.12
-0.08
-0.04
0
0 1 2 3
Energy (MeV)
-0.2
-0.1
0
0.1
0.2
0 1 2 3
Energy (MeV)
-0.3
-0.2
-0.1
0
0.1
0.2
Component 1
Component 2
Component 3
Figure 7.32. Spectral components 1-3 for the New Machavie survey.
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A physical interpretation of these components is as follows:
1. Component 1 represents the total count channel, with well developed 
peaks for 40K (1.46MeV) and 214Bi (0.609MeV and 1.764MeV). 
2. Component 2 is characterised by a strongly negative potassium peak and 
positive 214Bi peaks. This component is likely to have a positive 
coefficient in areas where uranium series radionuclides are elevated 
relative to the natural background i.e. uranium elevated relative to 
potassium.
3. Component 3 contains largely noise.
Mapping these components, component 2 appears to map the area contaminated 
with mining waste, with positive values present in contaminated areas (See 
Figures 7.33 and 7.34). Note the similarity between this map and the 
contamination map produced by normalising the uranium channel to the thorium 
channel (Figure 7.3).
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Figure 7.33. New Machavie mine NASVD 
spectral component 2.
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Figure 7.34. Contamination map of the New 
Machavie mine, identifying areas with a 
NASVD spectral component 2 coefficient 
greater than 0 (Contaminated areas 
indicated by cross-hatching).
7.6.2 NASVD spectral component mapping at the Florida site
A similar analysis has been undertaken at the Florida site, where the signal to 
noise ratio of the data is much poorer than at New Machavie. The first three 
spectral components for this site are presented on Figure 7.35.
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Figure 7.35. Spectral components 1-3 for the Florida survey.
The spectral components for this survey have a similar interpretation to those for 
the New Machavie survey, however the effects of the poor signal to noise ratio 
can be clearly seen on component 2.
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Again, presenting component 2 on a map (Figure 7.36) allows the identification of 
a large contaminated area in the south western portion of the map. Unfortunately, 
the data in this area still have a poor signal to noise ratio, precluding the clear 
delineation of an anomalous area based simply on the coefficient of spectral 
component 2. Smoothing this data produces a more contiguous anomaly in this 
area. The contaminated area extends from the tailings dam complex at Rand 
Leases Mine eastwards towards Fleurhof dam. Field follow up of the survey 
identified a large wetland area adjacent to the Rand Leases Slimes Dam 
Complex, contaminated by eroded tailings upstream of Fleurhof Dam (see Figures 
7.38 and 7.39).
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Figure 7.36. NASVD Component 2 from the 
Florida survey.
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Figure 7.37. NASVD component 2 of the 
Florida survey, smoothed using an 
unweighted 5x5 convolution kernel.
Figure 7.38. Typical sediments, 
contaminated with tailings, from the 
floodplain above Fleurhof Dam.
Figure 7.39. Sulphate efflorescence on the 
floodplain sediments above Fleurhof Dam.
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7.6.3 Identification of contamination components in radiometric data 
collected over Witwatersrand Mines.
NASVD spectral component mapping has been successfully used to identify 
contaminated areas on two Witwatersrand gold mining sites. The two sites 
produced similar spectral components, although the data from one site had a poor 
signal to noise ratio. On each site a unique “Witwatersrand contamination” 
spectral component was identified, and showed a positive coefficient in areas 
where contamination had been identified using other means.
This approach can be used to identify sites contaminated with Witwatersrand 
mine wastes, providing an unbiased interpretive tool, compared to the other 
methods where contamination is identified using a user-specified threshold on the 
uranium channel data, total count data or an inter-channel ratio (typically U/Th). 
Furthermore, the identification of this “Witwatersrand contamination” component 
appears to be effective even at poor signal to noise ratios.
7.7 Discussion and conclusions 
7.7.1 The use of airborne radiometric data in the environmental 
assessment of Witwatersrand mining operations
Airborne radiometric survey data have great potential as a tool for the detection, 
in some cases quantification and potentially the monitoring of radioactive 
contamination of the environment. Most contaminant streams are characterised by 
elevated radioactivity, arising from the elevated levels of uranium in the gold ores, 
even when the uranium is not elevated to economically exploitable levels. The 
uranium series radionuclides are easily detectable using either the uranium or total 
count channels within radiometric data sets and are sufficiently elevated to be 
detected using the small detectors which can be mounted in ultralight aircraft.
Within the Witwatersrand goldfields, the major contaminants occur in the 238U 
decay series, where uranium concentrations are expected to vary from <1p.p.m. in 
the dolomitic areas to hundreds or even thousands of p.p.m. (Winde 2006a; 
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Coetzee et al. 2006; Wade et al. 2002) with more limited variation in the 
activities of 40K and the 232Th series. This allows the identification of 
contaminated areas and, to a certain extent, the quantification of contamination 
levels using only the total count channel radiometric data, which generally has an 
adequate signal to noise ratio for the production of good quality contamination 
maps. The overlaying of the radiometric data onto images of topographic maps, 
aerial photographs or satellite images (See Figure 7.2 for an example of
radiometric data overlaid on a satellite image) may be used to assist in the 
interpretation of airborne radiometric data. In cases where other sources of 
radioactivity may be present, or in cases where the total counts are close to 
background levels the use of element channel ratios (Chevrel and Coetzee 2000)
may still be used to identify a unique Witwatersrand signal. Furthermore, 
multispectral processing using the NASVD method may be employed to identify a 
specific “Witwatersrand contamination” spectral component. Mapping of this 
component can be used to identify areas of contamination, even when the total 
counts or radiometrically determined equivalent uranium concentration is not 
significantly elevated.
The use of total count radiometric data as an indicator of contamination also 
provides an important opportunity for environmental monitoring. Historical 
radiometric data dating back, in some cases, to the 1950s exists for large areas of 
the Witwatersrand goldfields. Early surveys were flown with scintillometers, only 
recording total count data, while in the case of early spectrometer surveys, poor 
energy calibration and the lack of good calibration constants make the element 
channel data unreliable. The combination of recent data with historical data can 
allow the separation of recent pollution from environmental legacies and indicate 
environmental change over a period of decades.
The airborne radiometric method has been shown to be a highly effective means 
to detect and monitor radioactive contamination of the environment. A strength of 
the method is the rapid provision of full coverage of large surface areas. 
Unfortunately, the method is only able to directly determine the gamma ray flux 
from the earth’s surface and by inference the gamma ray dose rate at the surface, 
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under certain specific geometric conditions. Other critical environmental 
parameters, for example those looking at waterborne and airborne pathways, 
require ground follow-up surveys to be undertaken. Airborne radiometric 
surveying can be used for the identification of contaminated sites in large areas 
(Wade et al. 2002; Coetzee et al. 2006), thereby greatly improving the efficiency 
of environmental investigations, even when the contamination levels cannot be 
directly quantified from the airborne data.
7.7.2 The use of ultralight mounted systems for the environmental 
investigation of Witwatersrand mining areas
The ultralight aircraft mounted systems investigated in this study have been 
shown to have specific applications in the investigation of environmental 
contamination in Witwatersrand mining environments. Certain advantages and 
disadvantages have been identified, when these systems are compared to larger 
conventional airborne geophysical platforms.
Advantages 
The primary motivation for the development of the ultralight aircraft mounted 
geophysical system was the perceived need for a low-cost means to undertake 
surveys of relatively small areas. In this regard, the systems have been shown to 
perform well, given the limitations of the aircraft. For surveys on the scale of an 
individual mine, or cluster of mines, the ultralight system can provide good 
quality high resolution data, at lower total survey cost than a large conventional 
airborne geophysical system.
The ability to operate the system at low altitude and low airspeed provides the 
capacity to generate data with a better spatial resolution than would be possible 
with a larger fixed wing aircraft. This has been demonstrated by comparing data 
collected using ultralight and conventional systems. The direct spin-off of this 
ability would be the ability to better localise small radioactive sources on the 
ground.
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Disadvantages 
The major disadvantages of the system are related to the operational aspects of the 
use of ultralight aircraft:
 The inability to operate in windy weather limits the use of ultralight 
systems. The Witwatersrand’s summer thunderstorms and windy winter 
weather can prevent flying for large portions of many days and in some 
cases can prevent flying for several days at a stretch.
 Large areas of the Witwatersrand golfields are heavily urbanised. This 
limits the safe operation of ultralight aircraft to a greater extent than 
conventional aircraft. It is therefore often impossible to operate the 
ultralight systems at low altitudes. With the smaller detector volumes 
carried by these aircraft, data quality suffers.
 The relatively short range of ultralight aircraft and the limited altitudes 
that they can attain present practical difficulties for the quantitative 
calibration of ultralight-mounted radiometric systems. A simplified 
calibration methodology has however been developed and appears to 
allow the production of good quality data.
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Chapter 8 Study of a site contaminated with 
anthropogenic nuclides and "young uranium"
An airborne survey was undertaken over a site contaminated with anthropogenic 
nuclides, including 137Cs and processed uranium i.e. pure uranium compounds, 
where it could be expected that the uranium has been separated from its daughter 
radionuclides, which have not yet had time to grow in and achieve secular 
equilibrium. In this case the likely form of the uranium is ammonium diuranate 
(yellowcake). Braginskaya and Zubov (1998) use the term "young uranium" to 
refer to processed uranium, where secular equilibrium has not been reached. The 
principal gamma-emitter is therefore 234mPa (Protactinium-234m), with a 
characteristic gamma-emission at 1.001MeV.
8.1 Application of airborne radiometrics to radiation 
protection 
In the field of radiation protection, most surveys will be flown over disturbed 
environments. It is unlikely therefore that the assumption of secular equilibrium 
will be valid. Furthermore, anthropogenic isotopes, not usually encountered in 
geophysical surveying, such as the by-products of nuclear reactions listed in Table 
5.10 may be present. Conventional processing methods are therefore inadequate 
for this type of survey. The raw spectral data are however most useful as 
information pertaining to the specific radionuclides present may be obtained from 
them. It will generally be difficult to calibrate the spectrometer for a range of 
radionuclides, as suitable calibration sources are unlikely to be readily available. 
Furthermore, it is unlikely that sites will be uniformly contaminated with 
anthropogenic radionuclides over a large area, meaning that the assumption that 
sources are homogeneous and infinite in extent is unlikely to be valid.
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Four approaches may be adopted:
1. Individual windows may be centred over peaks from target isotopes. The 
interaction between these isotopes and naturally occurring isotopes can be
quantified and the effects of naturally occurring peaks removed. For 
example, with an NaI(Tl) detector, the 137Cs peak (0.661MeV) and the 
214Bi peak at 0.609MeV overlap partially. The 0.609MeV peak can 
however be predicted from other gamma peaks and its effect removed 
from the spectrum to give a pure 137Cs signal. This approach would 
typically require a site-specific approach to calibration, based on a priori
knowledge of the site, the radionuclides expected and the possible channel 
overlaps.
2. The continuum removal method described in Section 5.4.1 can be applied 
to spectra, to determine “stripped” count rates for any radionuclide, 
including artificial radionuclides not normally encountered in radiometric 
surveys. Overlapping peaks such as the 214Bi and 137Cs peaks described 
above may limit the efficacy of this method, limiting its ability to resolve 
low levels of contamination.
3. Statistical techniques based on the extraction of orthogonal spectral 
components can be employed to break the measured spectrum up into a 
number of component spectra. These component spectra may then be used 
to identify and map components such as 214Bi and 137Cs, or contain 
information which can be used to infer the identification of the presence or 
absence of different radionuclides. The Noise Adjusted Singular Value 
Decomposition (NASVD) technique (Hovgaard 1997) was originally 
developed for this purpose. It operates by identifying the least number of 
spectral shapes that explain the data variance and is ideal for the isolation 
of different isotopes (Mauring and Smethurst 2005). It has therefore been 
used in this study.
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4. Where there is a good knowledge of the isotopes present in an area and 
some insight into their geometry and possible shielding, Monte Carlo 
simulation methods, as described in Chapter 4 can be used to derive unit 
spectra and the measured spectra inverted relative to these spectra. Again, 
a priori knowledge of the site and the radionuclides expected would be 
required, as well as a good description of the contaminated target areas. 
Such information is generally not available before a survey intended to 
identify contaminated areas. 
In this study, the second and third methods have been applied. 
8.2 Site description 
The survey formed part of a Council for Geoscience commercial project, and 
consequently the client has requested that the geographic coordinates of the 
survey area remain confidential. All coordinates are presented on a local survey 
grid in metres. A plan of the site is shown on Figure 8.1.
The primary target of the survey was a set of evaporation pans shown on the site 
plan. In addition to these pans, a waste dump site was included in the survey area. 
The third site shown on the site plan is a water treatment plant, which was 
identified as an anomalous source of gamma radiation during the course of the 
survey (See Section 8.6.3). This area was not known to be contaminated before 
the survey was undertaken.
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Figure 8.1 Site plan for the survey, showing the position of a water treatment plant, a waste 
dump and a group of evaporation pans (coordinates in metres on a local survey grid). The 
target areas, where anomalous radioactivity is expected are the evaporation pans and the 
waste dump. 
8.3 Data Acquisition 
The survey was flown using a Streak Shadow ultralight aircraft (See Figure 
3.4).The details of the system and flight parameters are given in Table 8.1.
Table 8.1. Anthropogenic radionuclide survey – data acquisition parameters
Flight line 
spacing
50m
Tie line spacing 500m
Altitude 50m a.g.l. (nominal)
Airspeed 100km/h (nominal)
Instrumentation  Geometrics Cs vapour magnetometer
 4.2 litre NaI(Tl detector with 512 channel spectrometer 
(0-5.12MeV)
 Riedl Laser Altimeter
 Staloc Airstar GPS
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8.4 Results and Interpretation 
8.4.1 Inspection of data for K,U Th and total counts and recorded 
spectra.
Owing to the likely presence of anthropogenic nuclides in the survey area, a first 
inspection of the spectra, particularly those from the anomalous zones is valuable. 
The data in the conventional K (1.36-1.56MeV), U (1.66-1.86MeV), Th (2.41-
2.81) and Total Count (0.28-2.81MeV) (International Atomic Energy Agency 
2003a) are presented on Figures 8.2 to 8.5. These data have been subjected to 
NASVD, followed by altitude correction using the empirical method of 
Braginskaya and Zubov (1998), using data from a survey over a more 
homogeneous site in Limpopo Province. Conventional calibration of the three 
windows, with calibration coefficients, determined at the Lanseria Calibration 
Site6 was applied to the data.
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Figure 8.2. Radiometrically determined potassium (as % K2O).
6 This survey was carried out shortly before the calibration pads at Lanseria were broken up.
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Figure 8.3. Radiometrically determined uranium (as ppm U3O8 assuming equilibrium with 
214Bi).
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Figure 8.4. Radiometrically determined thorium (as ppm ThO2 assuming equilibrium with 
208Tl).
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Figure 8.5. Total count data.
Two major anomalous zones are seen in the total count data, one over the waste 
dump and the other over the treatment plant, extending to the south and east of the 
plant. In the case of the treatment plant anomaly, the data in the three element 
channels do not show the degree of variation that is seen in the total counts, while 
at the waste dump, the thorium and uranium channels show the anomaly seen in
the total count data. This suggests the presence of gamma ray emitters in these
areas, which are outside of the natural gamma ray spectrum, particularly in the 
case of the treatment plant, where no naturally occurring gamma emitter 
anomalies are detected. The locations of the two anomalous areas and their 
identification are shown on Figure 8.6.
Three flight lines, lines 60 and 90 traversing the waste dump anomaly and line 
170 traversing the treatment plant have been selected for further analysis (see 
Figure 8.6). The K, U, Th and Total Count data from these flight lines are shown 
on Figures 8.7 to 8.9.
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Figure 8.6. Areas with highly elevated total counts (not accounted for by naturally occurring 
isotopes). Flight lines 60, 90 and 170 are indicated.
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Figure 8.7. K, U, Th and Total Count data for Line 60.
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Figure 8.8. K, U, Th and Total Count data for Line 90.
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Figure 8.9. K, U, Th and Total Count data for Line 170.
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The waste dump anomaly shows elevated 214Bi and 208Tl, indicating the presence 
of 226Ra7 and 232Th daughters. This is particularly clear on line 90 (Figure 8.8). 
The 214Bi may however be of natural origin, arising from the local geology, which 
will contain some naturally occurring uranium, particularly in the shales which 
have been observed to outcrop on this part of the site. The local geology may also 
be the origin of the 214Bi anomalies in the northern part of the survey area. In the 
case of the treatment plant anomaly, no elevation in the K, U or Th channels is 
seen on the site of a significant total count anomaly. This indicates that the total 
count anomaly is due solely to other radionuclides, most likely artificial 
radionuclides.
Inspection of the data from these lines shows total count anomalies 
disproportionate to the anomalies in the measured data, which suggests that the 
cause of the large total count anomalies must be an anthropogenic isotope. 
Inspection of the spectra on these lines shows the presence of the 0.661MeV peak 
due to the decay of 137Cs. This is seen particularly clearly on line 60, spectra 791
and 792 (see Figure 8.10), and line 170, spectra 1630-1634 (see Figure 8.11), 
indicating the presence of 137Cs in both the waste dump and treatment plant areas.
The presence of the 0.661MeV peak is clear on lines 60 and lines 170, but not on 
line 90. It is also interesting to note that the strong 137Cs anomaly on line 60 
appears localised to two survey points (Spectra 791 and 792 - see Figure 8.10). 
This suggests that the source causing this anomaly is located in a pit or hole, 
presenting a collimated gamma ray beam to the detector, while spectra from the 
7 While it is common practice to refer to the “uranium channel” in radiometric data, all of the 
significant gamma emitters in this sequence occur below the decay of 226Ra (See Figure 2.1). In 
environmental contamination scenarios, it is unwise to make assumptions regarding the state of 
secular equilibrium or disequilibrium in a decay series. None of the usual assumptions regarding 
the upper part of the decay series (238U-226Ra) are therefore made in this case.
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adjacent survey points and lines have only the elevated lower energy continuum, 
arising from Compton scattering of radiation in the earth surrounding the source.
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Figure 8.10. Spectra 790 to 793 - covering the anomalous zone over the water treatment 
plant (see Figure 8.6), from flight line 60.
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Figure 8.11. Spectra 1629 to 1635 - covering the anomalous zone behind over the waste dump
(see Figure 8.6), from flight line 170.
No clearly defineable peaks due to anthopogenic nulides can be seen on the 
anomalous portion of line 90, merely an elevation of the total counts, and 
equivalent uranium and thorium concentrations. This suggests that the anomaly 
may be due to the presence of natural radionuclides, concentrated in the same 
deposit as the 137Cs source(s) seen on line 60. Inspection of spectra 989-1010 on 
this flight line reveal a 214Bi and 208Tl anomaly, with no associated increase in 40K 
counts. Spectrum 996 - the spectrum producing the maximum total counts on this 
line - and spectrum 1020, a local background spectrum are shown on Figure 8.12. 
The elevated 208Tl (Th) peak at 2.614MeV and lack of a 40K peak at 1.460MeV 
suggests that this spectrum is a result of a radioactive material with elevated Th, 
such as monazite, which is known to have been investigated and stored on the site 
(pers. comm. B Corner, M Andreoli).
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Figure 8.12. Spectra 996 (The spectrum with peak total counts on the “water treatment 
plant” anomaly) and 1020 (a background spectrum from the same line) from line 90. Note 
the absence of a definable 40K peak (1.460MeV) in spectrum 996, and the elevated 208Tl (Th) 
peak at 2.614MeV. These spectra have been smoothed using NASVD (resulting in the 
fractional channel count rates) and are plotted on a logarithmic scale to enhance the
legibility of the high-energy peaks.
8.5 Noise Adjusted Singular Value Decomposition Results 
Noise Adjusted Singular Value Decomposition (NASVD) has been applied to the 
spectral data. A description of the technique can be found in Chapter 5. In 
addition to the noise reduction for which the technique is usually applied, the 
individual spectral components have been used to map various features 
encountered in the survey, using the method described in Sections 5.2.2 and 5.7.4.
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8.5.1 Spectral Components
The spectral components (rows of VT in equation 14) are presented on Figures 
8.13 to 8.19 and the coefficients of these components (columns of U) are 
presented as maps on Figures 8.20 to 8.26.
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Figure 8.13. Spectral component 1. This component represents the mean spectrum for the 
entire survey.
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Figure 8.14. Spectral component 2. This component contains peaks for the NORM 
component on the site.
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Figure 8.15. Spectral component 3. This component has a negative 137Cs peak and a positive 
40K peak.
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Figure 8.16. Spectral component 4. This component has negative peaks for both 40K and 
137Cs.
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Figure 8.17. Spectral component 5. This component has negative peaks for both 40K and 
137Cs and a positive peak for 214Bi.
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Figure 8.18. Spectral component 6. This component shows a positive peak for 234mPa.
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Figure 8.19. Spectral component 7. This peak contains no clearly discernible spectral peak 
and has been taken to be the first spectral component representing noise in the dataset.
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Figure 8.20. Map showing the coefficient of spectral component 1. Note the low values in 
areas with high total counts (see Figure 8.5) and the negative sign of the coefficients.
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Figure 8.21. Map showing the coefficient of spectral component 2. This component highlights 
the NORM component of the contaminated sites.
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Figure 8.22. Map showing the coefficient of spectral component 3. Component 3 has a 
negative 137Cs peak and a positive 40K peak. Negative values of the coefficient of this 
component will therefore indicate the elevation of 137Cs activity relative to 40K activity. Note 
the negative values in the vicinity of the two anomalous areas, where the presence of 137Cs
has been identified in the gamma ray spectra.
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Figure 8.23. Map showing the coefficient of spectral component 4. This component has 
positive peaks for the 137Cs and 40K peaks and weak peak for the low energy (0.609MeV) 
214Bi peak. It will identify areas where these isotopes occur together. The areas contaminated 
with 137Cs show defined negative anomalies.
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Figure 8.24. Map showing the coefficient of spectral component 5. This component contains 
negative peaks for 40K and 137Cs and positive peaks for the 238U daughter 214Bi. This will 
therefore be positive in areas where U is elevated relative to K and 137Cs. The uranium 
anomalies in the northern portion of the map (Figure 8.3) and around the waste dump are
clearly defined by this component.
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Figure 8.25. Map showing the coefficient of spectral component 6. The relationship between 
the positive 234mPa (1.001MeV) peak and negative and 214Bi (1.764MeV) suggests that this 
component represents U-series disequilibrium. Braginskaya and Zubov (1998) describe such 
components as "young uranium" components.
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Figure 8.26. Map showing the coefficient of spectral component 7. This component has no 
clearly defined peaks and is therefore believed to contain mainly noise.
Inspection of the spectral component shapes (rows of matrix VT in equation 14) 
allows interpretation, in terms of enrichment or depletion of various components, 
relative to the mean spectrum.
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Table 8.2. Description of the spectral contents of the component spectra determined by 
NASVD
Component K eU eTh 137Cs 234mPa
1 mean mean mean mean mean
2 0 - - + 0
3 + 0 0 - 0
4 - 0 0 - 0
5 - + 0 - 0
6 0 0 0 0 +
7 noise noise noise noise noise
+: Enrichment -: Depletion
8.6 Discussion and interpretation of the airborne 
radiometric data 
8.6.1 Geometric considerations for the interpretation of airborne 
radiometric data
An airborne detector integrates gamma rays from a wide area below itself. At 
50m, the circle of investigation of the spectrometer is greater than 200m (Pitkin 
and Duval 1980). At the flight line spacing flown in this survey, the areas 
investigated from line to line will overlap, resulting in 100% coverage. Each 
measurement lasted for 1s, during which time the aircraft moved approximately 
30m. This low airspeed was a highly desirable characteristic of the Streak Shadow 
for small, high-resolution surveys. The Jabiru UL aircraft used later in the project 
flew faster and therefore could not produce such high spatial resolution data.
Each measurement therefore represents the integration of all gamma-emitters 
within the oval area below the spectrometer during 1s of flight. Small sources 
within this area will be added to this integration, having a blurring effect, and 
averaging their activity over a large area. While this obviously limits the spatial 
resolution of airborne surveys for the location of small objects, the full coverage 
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obtained prevents the method from overlooking localised sources. The line data 
are gridded to produce maps. The location of each anomaly on these maps is 
dependent on the location of the aircraft at the time of measurement and may 
therefore not necessarily be located directly over a point source. The 100% 
coverage will however ensure that radiation due to all point sources with 
sufficient activity is detected. The exact location of point sources must therefore 
be determined by ground follow-up studies. Unfortunately, owing to the nature of 
this site, ground follow-up was not possible, particularly at the waste site (pers 
comm. R Heard). The 137Cs anomaly provides a good example. Over this area, the 
flight lines had to be diverted to avoid a cellular telephone tower, which could 
result in the mislocation of certain anomalies.
A strength of the airborne method for the detection of small sources therefore lies 
in the full coverage afforded. While individual anomalies may be misplaced by as 
much as the flight line or station spacing, these anomalies will be detected. 
Ground surveys may then be focussed in a relatively small area on the precise 
location and quantitative assessment of anomalies.
All calibrations are performed with the assumption of flat homogenous infinite 
sources. Calibration sites are constructed and selected in the field to best 
approximate this assumption. Unfortunately, these conditions are rarely 
encountered in real-world surveys. The complex geometries encountered on a site 
such as this will result in variations in spectral shape, shielding of certain sources 
by infrastructure and ground features etc. Where such effects occur, they will have 
the effect of decreasing the apparent activity of the source. Airborne radiometric 
measurements can therefore be interpreted as a minimum value for the activity of 
any source, with a theoretical maximum of the true activity for a flat, 
homogenous, infinite source.
8.6.2 K, U and Th data
In areas where no anthropogenic nuclide contamination is seen, the K, U and Th 
channel data represent the geology of the site. This is unremarkable, with an 
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anomalous zone in the south-eastern portion of the map. This is a result of a shale 
outcrop, with elevated potassium content. This anomaly also includes weak 214Bi 
and 208Tl signals. North and north-west of the waste dump, a 214Bi and 208Tl
anomaly is seen. This may be a result of the local geology, which has been seen to 
contain elevated levels of uranium and thorium in uncontaminated areas, however 
it may also warrant further investigation, as it may also result from leakage of 
226Ra and thorium daughters from the waste dump site. The northern portion of 
the survey area also contains a positive 214Bi anomaly.
8.6.3 137Cs Data
In addition to the K, U and Th channels, a 137Cs channel has been extracted from 
the data. Unfortunately, this cannot be calibrated using conventional methods, as 
no suitable calibration sources for this isotope are available, and the validity of a 
quantitative calibration is questionable as the anomalies are unlikely to be caused 
by large homogenous volumes (the assumption for conventional airborne 
calibration). In such cases, continuum removal using the method described in 
Section 5.4 can be used to extract a “stripped” count rate from the multichannel 
data. This method has been applied to the spectra from this site, after noise 
reduction using NASVD. The results of this analysis are presented on Figure 8.27.
The profile data for lines 60, 90 and 170 are presented on Figure 8.28.
137Cs anomalies are seen to over the waste dump and to the treatment plant, with a 
fan-shaped anomaly extending to the south and east of the treatment plant. A 
weak anomaly is seen to the south east of the waste dump.
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Figure 8.27. 137Cs results (as stripped photopeak counts).
8.6.4 The waste dump anomaly
The waste dump anomaly displays a number of interesting characteristics. The 
natural isotopes representing the U and Th decay series are present in elevated 
quantities, in addition to the artificial isotope 137Cs. These data are shown on 
Figure 8.29.
The potassium data from covering this site appear to represent broader geological 
trends. The uranium and thorium channel data show two anomalies in the 
southern portion of the waste dump area and a number of weak, but distinct 
plumes leaving the site, presumably due to local drainage. The 137Cs data show a 
strong anomaly extending slightly to the north of the eU and eTh anomalies and a 
weak anomaly in the south eastern corner of the site. The total count data show 
the sum of these anomalies, identifying areas of elevated radioactivity.
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Figure 8.28. “Stripped” 137Cs data for flight lines 60, 90 and 170.
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Figure 8.29. K, U, Th and 137Cs data from the waste dump.
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Figure 8.30. NASVD spectral components from the waste dump site.
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A similar set of detailed maps of the NASVD spectral components has been 
prepared over the waste dump area (See Figure 8.30). These maps allow a good 
interpretation of the contamination patterns on the site, as follows:
Component 1 
This component mirrors the total count channel, and therefore shows the total 
radioactivity of the site. On this site, the highest levels of radioactivity are all due 
to contamination. Component 1 therefore allows the construction of a 
contamination map.
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Figure 8.31. Contaminated area at the waste dump site.
Component 2 
Spectral component two highlights identified areas of contamination on the basis 
of their spectral shapes. The spectrum contains components of U, Th and 137Cs, 
while the coefficients of the component are elevated over the contaminated areas 
and their surrounds. This could be analogous, for this site, to Hovgaard’s (1997)
“reactor fragments” component, identifying but not necessarily isotopically 
defining the contaminated areas on the site.
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Figure 8.32. Areas contaminated in the vicinity of the waste dump. The cross-hatched area 
represents an area with higher degrees of contamination, while the outlined area shows areas 
interpreted as plumes migrating from this area.
Components 3 and 4 
Components 3 and 4 identify areas where 137Cs is present. Figure 8.33 shows the 
areas where these components dominate on the waste dump site. Note that this 
area is centred in the northern portion of the site, with a “tail”, possibly a dispersal 
plume heading to the south east. The different location of this anomaly to the 
NORM radionuclides identified in the interpretation of U and Th data suggests 
that the storage sites for waste containing artificial radionuclides may have been 
different to those for NORM within this waste site.
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Figure 8.33. Areas contaminated with 137Cs, interpreted from spectral components 3 (left)
and 4 (right).
Component 5 
Component 5 shows those areas with elevated uranium concentrations. Figure 
8.34 shows the distribution of elevated values of this component on and around 
the waste dump site. The anomaly to the north is probably of geological origin, 
while that to the south is related to the waste dump and surrounding infrastructure.
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Figure 8.34. Areas with high uranium concentrations, interpreted from spectral component 
5.
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Component 6 
NASVD analysis reveals a spectral component - component 6 - which displays a 
negative peak for the 1.001MeV peak due to 234mPa and a positive peak for the 
0.609MeV and 1.76MeV peaks for 214Bi. This pattern indicates a separation of the 
238U and 226Ra decay series, i.e. secular disequilibrium of the 238U series, with 
enrichment of the parent radionuclides. This situation is unlikely in natural 
environments, as it requires the recent separation of uranium from its daughters, 
which would only be expected in cases where purified uranium was in use. The 
positive values in the vicinity of the waste dump therefore correspond to an 
elevation of the 234mPa activity, relative to 214Bi. This "young uranium" anomaly
coincides with the known position of an an area where ammonium diuranate
(yellowcake) is stored on the site (pers. comm. R Heard).
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Figure 8.35. The site of the “young uranium” anomaly at the waste dump.
8.6.5 Quantitative calibration of the radiometric data for 137Cs and 
234mPa
For the reasons mentioned above, primarily the lack of suitable calibration sources 
for anthropogenic radionuclides and the non-infinite geometry of the anomalous 
sites, no attempt has been made to quantitatively calibrate the 137Cs and 234mPa 
data. It is also expected that the local variations in dose rate will be beyond the 
spatial resolving power of an airborne system. In cases such as this, the primary 
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benefit of the airborne radiometric method is its ability to provide a full spatial 
coverage of a site, identifying all anomalous areas, which can then be followed up 
on the ground in more detailed surveys.
8.7 Conclusions 
8.7.1 General conclusions
The airborne survey of this contaminated site has identified two major anomalous 
areas:
1. The waste dump, where anomalous gamma ray spectra indicate the 
presence of 214Bi, 208Tl, 137Cs and "young uranium" (identified using a 
NASVD spectral component which contains a signal attributed to 234mPa).
2. At the water treatment plant, 137Cs was found to be present, in an area
which had not previously been known to be contaminated.
Given the blurring effect of airborne surveys, the objects or areas causing these 
anomalies can only be precisely located using ground follow-up surveys, with 
positions derived from the airborne data.
8.7.2 Methodological conclusions
This survey has successfully demonstrated a number of methodologies for the use 
of airborne radiometric surveying over sites contaminated with anthropogenic 
radionculides:
1. The presence of anthropogenic radionuclides can be inferred in areas 
where the total count anomalies are not supported by the three NORM 
channels generally recorded in airborne radiometric surveys. In such 
anomalous areas, additional interpretation of the recorded spectra is
required to identify the radionuclides causing the anomalies detected by 
the airborne systems.
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2. In cases where no calibration sources are available for specific 
radionuclides, the continuum removal method can be used to calculate 
stripped count rates for these nuclides.
3. The decomposition of a set of spectra into spectral components, using a 
method such as NASVD can prove invaluable in the interpretation of data 
where unknown radionuclides are present, as suggested by Hovgaard 
(1997). This allows the identification of these nuclides and the separation 
of small signals from spectra and the identification of radionuclides at low 
activity, which would otherwise be masked by the local gamma ray 
spectrum.
8.7.3 Applicability of ultralight airborne surveying and NASVD 
analysis to contamination studies involving anthropogenic 
isotopes
The results of this survey have clearly illustrated the strengths and weaknesses of 
the ultralight system in surveying sites contaminated with natural and 
anthropogenic radioactive isotopes. 
1. The full coverage afforded by airborne surveying allows the identification 
of all significant surface and near surface gamma emitters. The moving 
sensor at a distance of some tens of metres from the source tends, 
however, to blur point-source anomalies, requiring ground follow-up to 
accurately locate these.
2. Full spectrum recording allows the identification of specific gamma 
emitters by their characteristic energy peaks. Furthermore, the NASVD 
analysis allows the identification of specific characteristic spectral 
components in the data, which may then be interpreted to identify 
unknown contaminant radionuclides or in terms of the known
contamination history of the site. This is clearly shown by the 
identification of a "young uranium" anomaly at the Waste Dump. 
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Chapter 9 Discussion and conclusions
9.1 Development of a lightweight airborne geophysical 
platform 
The initial proposal to utilise ultralight aircraft for airborne geophysical surveying 
stemmed from the perceived need for an intermediate platform, bridging the gap 
between ground surveys and conventional airborne surveys. The aim was to 
provide the convenience and coverage of airborne surveys without the costs 
entailed in the use of large aircraft. Initial experiments were undertaken using a 
fluxgate magnetometer mounted in a remotely piloted drone, however a number 
of limitations were identified stemming from the nature of the aircraft and the 
practicalities of controlling remotely piloted aircraft at the low altitudes which 
would be required for effective high-resolution geophysical surveying.
Following the abandonment of the remotely piloted drone as a geophysical 
platform, initial experiments were conducted using a Streak Shadow ultralight 
aircraft. This aircraft was selected because of its ability to fly significantly lower 
and slower than conventional aircraft. This demonstrated the feasibility of the use 
of ultralight aircraft for airborne radiometric surveying. During this phase of the 
project, the first radiometric survey data were collected over the Springs and 
Carletonville areas using an experimental small bismuth germanate (BGO) 
detector.
Following these initial feasibility studies, a larger aircraft, more permanent 
geophysical installations were installed in a modified Streak Shadow Ultralight 
and later a slightly larger aircraft, the Jabiru UL Ultralight. Owing to the high 
costs of BGO and uncertainties regarding its performance for general radiometric 
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surveying, a single 4 litre sodium iodide (NaI(Tl)) detector was used for the 
radiometric system in these ultralights. Data acquisition and storage was done 
using a ruggedised PC system, with a commercially available multichannel 
analyser (MCA) board. The data acquisition system was controlled using custom 
software.
This system was operated for a number of years before the Council for 
Geoscience’s operational requirement for larger surveys than were practical using 
the ultralight systems took precedence over the small surveys for which the 
ultralight systems were intended, and the programme was terminated.
9.2 Practicalities of the ultralight mounted airborne 
radiometric systems 
The ultralight airborne geophysical platform was developed to provide an ideal 
solution to many problems where small high-resolution airborne geophysical 
surveys are required. In many cases, it was possible to generate high quality data 
at lower cost than would be possible using conventional airborne systems. 
Unfortunately a number of operational limitations were identified, which had an 
impact on the collection of geophysical data and, in particular, radiometric data.
1. The light weight of the aircraft makes it particularly susceptible to bad 
weather. Even relatively light winds can preclude flying, limiting the 
productivity of the system owing to an unacceptably large amount of 
standing time.
2. The system performed optimally in small surveys, often flown in a single 
flight of no more than a few hundred line kilometres. While this fills a 
major void in the geophysical survey market, fitting in between surveys 
which would typically be performed on foot using handheld 
instrumentation and the larger airborne surveys, typically flown using 
conventional airborne systems, the mobilisation of an aircraft and survey 
crew to a site adds a potentially unacceptably high cost to such surveys.
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3. The payload of the ultralight is lower than that of a conventional aircraft. 
This introduced a number of limiting factors for surveying:
a. In conventional surveys it is often convenient to use the survey 
aircraft to ferry the ground crew to a survey area, and arrange for 
ground support at the remote site. With the geophysical 
instrumentation installed, the ultralight aircraft were only able to 
carry a pilot. The ground support crew (typically two people in 
addition to the pilot) therefore needed to mobilise to the survey 
areas separately, increasing operating costs and limiting the 
mobility of the survey crew.
b. The detector carried was one quarter to one eighth the size of what 
is carried in conventional systems. This results in proportionally 
lower count rates than would be obtained with a larger system. 
Even with the use of multi-channel processing methods for noise
reduction, radiometric data produced using the ultralight system 
displayed noise levels which could, under adverse conditions, 
reduce the utility of the data produced.
c. Throughout the development and operation of the system, no 
practical means was implemented for the systematic removal of an 
atmospheric radon signal from the data collected using the 
ultralight. The simple approach employed in the development of 
the acquisition system and the limits imposed on the system in 
terms of detector size and mass made it practically impossible to 
implement an upward looking detector, while the low count rates 
and consequent poor counting statistics limited the possibility of 
using multi-channel processing to remove a radon signal from the 
data. Nevertheless, on the small surveys for which the system was 
initially conceptualised (optimally flown in a single flight of 
around 3 hours), diurnal, spatial and day-to-day variations in 
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atmospheric radon are less significant. In general radon effects 
could be removed using tie-line levelling of the radiometric data.
4. The short range of the ultralight aircraft limits their ability to practically 
conduct larger surveys as well as reducing the possible ferry range of the 
aircraft. During the course of this project, this presented a particular 
practical problem as the only suitable calibration sources for the 
radiometric system are located in Windhoek, which was beyond the safe 
practical operating range of either the Streak Shadow or the Jabiru aircraft.
5. Ultralight aircraft are not able to fly high enough to perform cosmic ray 
correction calibration flights, particularly at Highveld altitudes, where 
most surveying was undertaken. They are also not permitted to fly long 
distances over the sea, limiting the possibilities for a calibration site for the 
determination of system sensitivities and altitude correction factors.
6. The light weight of the systems and relatively low power to weight ratios 
limit the ability of ultralights to operate in rough terrain. Unfavourable 
wind conditions in mountainous areas may also prevent the operation of 
the system in certain terrains. There are also legal limitations on the 
operation of ultralights in urban areas, which prevents the practical use of 
the system in portions of the Witwatersrand goldfield, for which a 
potential application was developed.
Notwithstanding these limitations, a large number of successful airborne 
surveys were undertaken using the ultralight airborne geophysical systems 
described in this study. The problems identified with the calibration and 
processing of data were satisfactorily resolved, using novel approaches to 
processing and calibration of radiometric data.
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9.3 Processing and calibration of data collected using 
ultralight-mounted radiometric detectors 
9.3.1 Simulation of detector responses
In most geophysical methods synthetic data are often used to develop and verify 
processing methods and to perform forward modelling of signals arising from 
geological targets. In the case of radiometric data, this is complicated by the 
stochastic nature of the production, transport and detection of gamma rays. To
overcome this problem, a Monte Carlo method was developed, using the 
MCNP4B radiation transport code (Briesmeister 1997). This allows the simulation 
of gamma ray spectra taking the stochastic nature of the processes involved into 
account. This simulation method has been used to simulate spectra for the 
development, testing and verification of processing methods and to investigate the 
likely responses of different gamma ray detector materials.
9.3.2 Processing and calibration of ultralight spectrometric data
The processing of spectrometric data was hampered by a number of limitations 
which prevented a conventional processing and calibration routine from being 
implemented. At the time that the study was undertaken, no suitable calibration 
facilities existed within South Africa, the closest sites being located in Namibia, 
with calibration pads located at Eros Airport in Windhoek and a dynamic 
calibration range having been demarcated at Henties Bay (Geological Survey of 
Namibia 1998). These were both beyond the effective ferry range of either of the 
ultralight aircraft used.
As a result of this, an alternative approach had to be developed to the 
conventional calculation of stripping ratios and sensitivity calibration over a 
dynamic range. A method based on the approach used with high-precision 
laboratory spectrometers was developed and verified using simulated spectra and 
successfully implemented on spectra collected with NaI(Tl) detectors. This 
utilised the NASVD noise reduction procedure (Hovgaard and Grasty 1997) and 
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functioned by estimating the continuum component of a gamma ray spectrum and 
removing this, leaving the photopeaks, in effect a procedure analogous to 
conventional stripping.
As no dynamic calibration range could be identified, data have been reported in 
countrates, with the application of the continuum removal method. The option of 
individually back-calibrating surveys remains, and given that the method is 
ideally suited to smaller surveys this need not prove impractical under field 
conditions.
No radon correction method was identified for the ultralight data, however serious 
radon problems were not encountered in any of the test surveys undertaken. It is 
likely that the countrates recorded by the small detectors are not sufficient to 
allow a radon correction based on spectral analysis, meaning that more empirical 
methods, such as reflying a test line or even simple flight line levelling may be 
sufficient. Considering that the ideal application of the ultralight system is to
small surveys, which are typically completed in a single flight, lasting less than 3 
hours, the day to day variations in atmospheric radon which are an issue with 
larger radiometric surveys should not be a major concern in ultralight surveying.
9.4 Selection of the optimal detector for ultralight 
radiometric surveying 
The use of different detector materials for small detector systems was proposed 
and a number of tests undertaken using bismuth germanate (BGO) detectors. The 
first tests were undertaken using a small system developed by the Kernfysisch 
Versneller Instituut (KVI) at the Rijks Universiteit Groningen in the Netherlands, 
for surveying of the seafloor. Although initial data looked promising, it was clear 
that a larger detector would be needed for airborne surveying and that the 
processing algorithms applied by the KVI were not ideally suited to airborne 
surveying.
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A second experimental system was built, using a larger BGO detector. Although 
test results over an abandoned gold mine with elevated uranium concentrations in 
the ore looked promising, the system proved unable to resolve uranium at levels 
around the crustal average concentration, and the overlap between channels 
resulted in the detection of a uranium signal in the thorium channel at high 
equivalent uranium concentration levels.
These shortcomings of the BGO detectors suggest that the higher resolution 
provided by conventional NaI(Tl) detectors makes them superior for airborne 
radiometric surveys. One possibility that has been identified is the cooling of the 
BGO detectors, which has the effect of increasing their light output, thereby 
improving the resolution of the spectra produced. The equipment needed to 
achieve this would however add significant weight to the system rendering it 
unsuitable for ultralight aircraft operations anyway. The high cost of BGO 
detectors also counts against them as a practical option for airborne detectors.
Recently, a number of new scintillation materials have become available, in 
particular materials based on lanthanum halides. These are able to produce spectra 
with higher energy resolution than NaI(Tl), as well as comparable or higher 
countrates for a specific detector size, although large detectors are not yet 
available. Investigation of these materials suggests that they could form the basis 
of a future lightweight airborne spectrometer.
9.5 Radiometric applications of the ultralight airborne 
geophysical system 
The radiometric system mounted on the ultralight was successfully utilised for 
geological mapping, mineral exploration and environmental applications.
9.5.1 Geological mapping
Modern geological mapping often requires that large areas of ground be covered 
at high resolution. It is also required that the aircraft be capable of reaching 
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remote areas and operating in areas of rugged and mountainous terrain. In this 
regard, the ultralight systems were often unable to fulfil all of the requirements of 
these large surveys, being practically limited to operation in good weather and 
over moderate terrain. Nevertheless, the system was operated successfully in a 
number of geological environments.
Many of the targets in these mapping projects were magnetic, rather than 
radiometric, and the small detector size in the radiometric system tended to result 
in a poor signal to noise ratio, except in areas of naturally elevated potassium, 
uranium and thorium concentrations, such as the survey flown over the area west 
of the Pilanesberg, described in Section 3.3.5. Here the anomalously radioactive 
detrital material derived from the Pilanesberg Complex can be clearly identified, 
while the small differences in radionuclide content between units within the 
Pretoria Group are visible, but not well defined.
9.5.2 Mineral exploration
The ultralight system was successfully applied to a number of small-scale mineral 
exploration projects. In most cases the primary targets were magnetic anomalies 
such as kimberlites, but in some cases radiometric targets were detected and 
mapped. Examples of these include carbonatite bodies, potassic alteration haloes 
around hydrothermal deposits and river palaeochannels in diamond exploration.
9.5.3 Environmental applications
The primary focus in this study was the environmental application of the 
radiometric instrumentation in the ultralight system. This was applied successfully 
to sites contaminated with both naturally occurring and anthropogenic 
radionuclides. The ultralight system performed extremely well on sites where 
flying conditions were well suited to it, but was unable to produce good quality 
data on a site where urban development on the ground precluded flying at low 
altitude.
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Gold and uranium mining in the Witwatersrand Basin has led to large areas of 
land being contaminated with waste materials which contain a radioactive 
component. This allows the identification and mapping of contaminated sites, 
pollution plumes etc. The high levels of radioactivity, relative to normal natural 
background levels, encountered on these sites allows the use of smaller detectors 
without an unacceptable loss of data quality, while the predominance of uranium 
series radionuclides in the ores and their waste materials allows the total count 
channel to be used as a proxy for the uranium series radionuclide channel. The 
lower flight altitude and lower airspeed which can be used in ultralight surveying 
can result in better spatial resolution of anomalies than can be achieved using 
larger conventional systems.
Witwatersrand mining contamination streams generally contain a mix of salts and 
metals, many of which are mobilised and deposited in similar environments. Only 
a fraction of this stream is typically radioactive, however many of the non-
radioactive components are hazardous. Uranium itself has been identified as an 
environmentally significant contaminant, primarily due to its chemical toxicity. 
While not a gamma emitter, radiometric data may be successfully applied in the 
location of contaminant plumes, containing both radioactive and non-radioactive 
components.
A serious limitation identified was however in the application of the ultralight 
system for the surveying of Witwatersrand gold mining areas. Much of the 
Central, East and West Rand goldfields are in urban areas. In these areas, legal 
and safety limitations exist on low-level flying, which limits the effectiveness of 
any airborne radiometric survey method, in particular the ultralight system with its 
detector one quarter to one eighth the size of a conventional detector.
The ultralight system proved ideal for the surveying of sites contaminated with 
anthropogenic radionuclides. Even with the small detector in the system, it was 
possible to resolve the unique spectral characteristics of the anthropogenic 
radionuclide 137Cs and the 238U-series radionuclide 234mPa, which will only be 
detected in areas where uranium is present without its intermediate progeny, i.e.
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areas where uranium is present in industrially processed form such as yellowcake. 
For this application, both stripped count rates, calculated using continuum 
removal, rather than the conventional stripping calculations, and spectral 
component mapping were used to interpret the radiometric data.
9.6 Interpretability of data collected using the ultralight 
system 
While the ultimate aim of airborne radiometric surveying is the production of 
accurate and precise maps of ground radionuclide activities (or activity 
concentrations), a number of factors limit the ultimate accuracy and precision of 
the final results. In this study, further limitations were imposed by the lack of 
suitable calibration facilities. Nevertheless, radiometric data, including 
radiometric data produced using ultralight aircraft mounted detectors, has proved 
its value in mineral exploration, geological mapping and environmental 
investigations.
A key factor in the assessment of the success of such a system has to be its ability 
to produce data which can be interpreted alone or together with other data sets and 
which add value to the investigations to which they are being applied. In this 
sense, it has been clearly demonstrated that the ultralight system was able to 
produce interpretable data, which could be applied to the solution of geological 
and environmental problems.
Although radioelement concentrations could not be quantitatively determined, 
owing to the lack of a suitable calibration range, radionuclide patterns could be 
mapped, which could be quantified by back calibration (International Atomic 
Energy Agency 2003a).
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9.7 Assessment of the success of the ultralight 
radiometric system 
Compared to a conventional airborne radiometric system, the ultralight system has 
a number of advantages and disadvantages. From a technical point of view, the
low airspeed of around 100-150km/h, small flight-line spacing and accurate 
navigation produce a far higher spatial resolution than is possible with a larger 
fixed wing aircraft. The low flying altitude further improves the data quality 
significantly. On the other hand, the small detector (one quarter to one eighth the
size of conventional systems) does pose disadvantages. For conventional 
geological surveying, this is compensated for by the application of NASVD or a 
similar signal enhancement method, while the relatively high activities and 
specific gamma ray energies encountered in contamination studies adequately 
compensate for the lower count-rates. The success of the project has been assessed 
using the criteria presented in Section 3.1
Table 9.1. Success of the ultralight mounted airborne radiometric system.
Objective Degree of 
success
Comments
Location High The system provided sufficient signal to noise 
ratio to identify anomalous areas, particularly in 
the total count channel.
Characterisation High Multi-channel data were successfully applied to 
the characterisation of anomalous areas, even 
under adverse survey conditions.
Mapping Moderate 
to high
The signal to noise ratio was sufficient for the 
mapping of element channel data, except under 
adverse survey conditions.
Quantification Moderate The lack of suitable calibration facilities 
prevented a full calibration, however methods 
were developed or applied for the determination 
of stripped count rates and altitude correction.
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The major strengths and weaknesses of the system can be summarised as follows:
9.7.1 Strengths
 The system proved ideal in areas with large contrasts in ground 
radioactivity and relatively high activities in the target areas. The test 
surveys over sites contaminated with radioactive waste were highly 
successful, except where flying conditions were not ideal.
 The slow airspeeds and ability to operate at low survey altitudes allow 
ultralight-based airborne geophysical systems to produce data with 
excellent spatial resolution.
 The low cost of operation makes ultralight based airborne systems ideal 
for research and development. In this project, this allowed the testing of 
different detector types and materials, as well as the flying of short test 
surveys (For example the study involving anthropogenic radionuclides, 
described in Chapter 8). The higher fixed operating costs of larger aircraft 
often preclude this type of activity.
9.7.2 Weaknesses
 The ultralight systems proved ideally suited to surveys of areas with 
limited topographic relief. Unfortunately, the performance characteristics 
of ultralight aircraft are not ideally suited to flying low over rugged 
terrain. The low countrates produced using the small detectors were also 
unsuitable for surveys where terrain or other considerations resulted in 
surveys being flown at higher than normal survey altitudes.
 The short range, short ferry range and limited service back-up for 
ultralight aircraft prevents their successful application in larger scale 
surveys. The inability of the systems to operate in all but the finest weather 
also results in significant downtime during surveys, particularly during the 
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Highveld summer rainy season. This eventually led to the closing down of 
the Council for Geoscience’s ultralight operations.
 While noise-reduction techniques have been successfully applied, and 
have allowed successful operation of a system with a detector one eighth 
the size of what is normally used, the fact remains that small-detector 
systems operate most successfully in areas of anomalously high 
radioactivity. This limits the applicability of the ultralight system in 
routine mapping applications.
9.8 Conclusions 
A number of specific conclusions regarding the development and operation of an 
ultralight-aircraft based gamma ray spectrometer have been drawn:
1. A lightweight airborne gamma ray spectrometer has been developed and 
installed in a number of ultralight aircraft. The system has been proven to 
reliably deliver gamma ray spectrometric data of a consistent quality. The 
ability of the aircraft to operate at low altitudes and low airspeed in part 
compensated for the small detector size, and gave the systems the ability 
to produce data with an extremely high spatial resolution. Two types of 
aircraft were used during the study: the Streak Shadow and the Jabiru UL.
2. The operational use of the system identified a number of limitations 
imposed by the ultralight platform:
a. Ultralight aircraft cannot be operated, particularly at the low 
altitudes required for airborne geophysical surveying, in any but 
the finest weather. This severely limited the production rates that 
could be achieved with the systems and resulted in a large 
proportion of expensive downtime.
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b. The limited range of the ultralight aircraft prevented the collection 
of data in long flights or in areas remote from the nearest airfield. It 
also limited the length of ferry flights that could be undertaken and 
in turn prevented the conventional calibration of the system as, at 
the time of the study, the nearest calibration facilities to the base of 
operations in Gauteng were located in Namibia, beyond the 
practical range of the aircraft.
3. A simulation technique was developed to facilitate the prediction of the 
response of the spectrometer, as well as providing a means to simulate 
other scenarios, such as the use of alternative scintillation materials and 
different processing methods. This technique used the MCNP4B radiation 
transport code (Briesmeister 1997) to simulate the operation of a 
spectrometer detector, using a simplified model geometry, including a 
radiation source, the detector and the air between the source and detector, 
with the ability to vary the composition and radionuclide content of the 
source and the flight altitude. This method was used to:
a. Simulate spectra to test processing and calibration methods.
b. Simulate different detector materials.
4. The NASVD noise reduction technique (Hovgaard and Grasty 1997) was 
implemented for the reduction of statistical noise in recorded spectra. This 
facilitates the use of smaller detectors, making use of a large set of 
recorded spectra to model the individual spectra within a survey. These 
modeled spectra have a significantly better signal to noise ratio than the 
raw recorded spectra. In addition to improving signal to noise ratios, the 
spectral model calculated by the NASVD method may also be interpreted 
to identify specific features within spectra that may provide useful 
information to the interpreter (Hovgaard 1997). This has been 
demonstrated, using spectra recorded over a number of sites, including one 
contaminated with anthropogenic radionuclides.
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5. Owing to the lack of suitable calibration facilities, a novel method of 
spectrometer calibration was required. A method was proposed, based on 
the separation of photopeaks from the underlying continuum within a 
spectrum (Mariscotti 1967). This method is commonly applied to 
laboratory instruments using HPGe detectors, which have much greater 
energy resolution than the NaI(Tl) scintillation detectors used in 
geophysical surveying. The method was successfully applied and verified 
using simulated spectra and applied to real spectra, in conjunction with the 
NASVD noise reduction technique (Hovgaard and Grasty 1997).
6. Bismuth Germanate (BGO) detectors were installed in ultralight aircraft 
and tested. This scintillation material has a higher density than the 
conventional NaI(Tl), giving it a greater stopping power for a given 
detector thickness and a higher effective atomic number, giving it a 
significantly higher photoelectric capture cross-section for gamma rays. 
Unfortunately, the energy resolution of BGO detectors is poor, compared 
to NaI(Tl). Initial tests were undertaken, using a small detector developed 
for seafloor surveying. The results were promising and a larger detector 
was installed in an ultralight together with the NaI(Tl) detector. Test 
surveys were flown over a test line on Karoo lithologies and over the 
abandoned New Machavie Gold Mine. The results of these surveys 
showed that while the system performed well for the detection of the 
uranium decay series in areas of high activity, the poor energy resolution 
of the material and small size of the available detectors prevented the 
collection of useable data in areas with radionuclide contents close to the 
crustal average. The poor energy resolution also hampered the proper 
separation of signals from the uranium and thorium decay series. Owing to 
the high cost of BGO, testing of a system with multiple detectors was not 
possible. New scintillation materials, in particular cerium doped lithium 
halides, have been developed recently, which may provide a new material 
for airborne surveying, giving good capture cross sections and better 
energy resolution than NaI(Tl). However these are currently not available 
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in the large sizes that would be needed for practical airborne surveying and 
are extremely expensive.
7. A particular application of airborne radiometric surveying in South Africa 
is the investigation of the environment surrounding Witwatersrand gold 
mines. The gold ores of the Witwatersrand contain significant and in some 
cases economically viable concentrations of uranium. This has been 
identified as posing a significant health hazard via both the water- and 
airborne pathways. Test surveys were flown over the abandoned New 
Machavie and Rand Leases mines, and demonstrated the ability of the 
ultralight systems to map contaminated areas on the surface. The 
ultralight’s ability to fly lower and slower than a conventional aircraft 
provided better spatial resolution than could be obtained with a 
conventional system. The radiation levels from the ground are high 
enough to produce adequate countrates in the small detectors used in the 
ultralights, provided that the surveys can be flown at low altitude. The 
urban environment around the Rand Leases Mine precluded the surveying 
from low altitude, resulting in a poor signal to noise ratio for this survey. 
Although the ultralight systems are ideal for the investigation of small 
sites with relatively large radionuclide concentrations, the urban 
development around the Witwatersrand mines may limit the applicability 
of these systems in some areas.
8. A survey was undertaken over a site contaminated with anthropogenic 
radionuclides. The ultralight system was able to identify and characterise 
the contaminated areas on the site. No calibration facilities exist for these 
radionuclides, but the continuum removal method was able to produce 
“stripped” count rates for 137Cs as well as the naturally occurring 
radionuclides present on the site. The NASVD technique was used both 
for noise reduction and for the interpretation of the spectral data, with 
spectral components resulting from the natural and anthropogenic 
radionuclides present being identified. An additional spectral component, 
indicating the presence of 234mPa was identified. The spatial distribution of 
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this coefficient was positively correlated with an area where purified 
uranium was present. Separated from its decay chain, 234mPa is likely to be 
the major gamma ray emitter from this “young uranium”.
Notwithstanding the limitations imposed by ultralight aircraft, in particular the 
small size of the detector that can be practically used, this study has demonstrated 
the successful application of an ultralight aircraft-based gamma ray spectrometer 
for geophysical surveying.
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Appendix B: Map legend for detailed locality plans
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